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Smallholder farmers’ yield of maize which is the staple food in many sub-Saharan African 
countries is usually <1.5 t ha-1. This low yield is largely attributed to the poor soil status and 
little or no chemical fertilizer input due to the excessive cost of the commodity. The local 
availability of inexpensive sustainable practices that enhance soil fertility and improve yield 
level of cultivated maize in smallholder farming systems are desirable. Organic materials are 
vital cheap sources of nutrients in low-input agricultural systems. Nitrogen-fixing trees in 
agroforestry could play a key role in supplying N and maintaining and replenishing soil fertility 
by adding organic matter to soils through roots and leaf litter. In this PhD thesis, we assessed 
the potential Faidherbia trees of varying ages to supply N, through both short-term seasonal 
litter effect and long-term soil modification canopy effect, C mineralization dynamics and the 
contribution of the tree to SOC under Faidherbia-maize agroforestry systems. We also 
assessed the effect of the tree canopy on yield level of maize. 
 
Since litterfall plays a significant role in nutrient cycling in Faidherbia agroforestry systems, 
the litterfall pattern, the quantity, and the nutrient deposition from 8-, 15- and 22-year old 
Faidherbia trees at three sites in Zambia was determined before and during the 2014/15 and 
2015/16 rainy seasons. Maize was grown at the same sites and under canopies of the same 
ages as litter experiments. In both 2014/15 and 2015/16 rainy seasons and at all three sites, 
the trees started dropping litter before the onset of the rains. The litterfall pattern on the 
contrary, differed between the two seasons, especially for 8- and 15-year old trees. Early 
shedding of leaves was observed for these two ages of Faidherbia trees which corresponded 
to a reduction in rainfall amounts in 2015/16 season. The variation in litterfall observed for 8- 
and 15-year old trees may suggest that litterfall pattern is linked to the start, amount, and 
length of the rainy season, although more observations over several years are needed to 
confirm this. 
 
The averaged litterfall over the two rainy seasons was 1.6 t ha-1 for both 8- and 15-year old 
trees, and 3.8 t ha-1 for 22-year old trees. The yearly litterfall for every growing season, 
contains 34-83 kg N ha-1, 1.8-4.3 kg P ha-1 and 10-26 kg K ha-1. To put this in practical 
perspective, Zambia’s chemical fertilizer recommendation for smallholder maize production 
per hectare is 112 kg N, 18 kg P, and 17 kg K ha-1. Nutrient deposition from 8-, 15- and 22-
year old trees could thus supply about 30-71% N, 10-25% P and 60-100% K of the 
recommended application rate if litter was the sole source of nutrients.  
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The yield of maize was consistently higher under than outside the canopy for both agricultural 
seasons at all three sites. In the drier 2015/16 season, the maize yield under the canopies 
reduced, though the yield reduction was more severe in plots outside the canopy. On average, 
the yield level of maize in plots under the canopy was higher than the 1.5 t ha-1. Despite a high 
variability in rainfall in the 2015/16 cropping season, maize yields under Faidherbia canopies 
were still higher than outside the canopies showing that the trees in smallholder farming 
systems could mitigate against the risk of crop failure even in drier years. 
 
The overall effects of Faidherbia trees of varying ages on availability and the associated 
impacts on soil microbial communities were assessed using a controlled incubation 
experiment. The N mineralization rate, microbial biomass carbon (MBC), and enzyme 
activities were higher in soils from under the canopy compared with outside the canopy. The 
overall N mineralization from the combined short-term litter effect and native SOM in soils from 
under the canopies ranged from 17-57 kg N ha-1. Of this amount, 30% was from the short-
term litter effect, while 70% was from the long-term canopy effect. This demonstrates the 
significant influence long-term soil modification under the Faidherbia canopies has on the 
overall N availability. Further, a principal component analysis (PCA) on PLFA data (nmol g-1 
soil) fairly separated samples under young trees from mature trees, indicating different 
microbial community composition under these two age groups. MBC, enzyme activities 
(dehydrogenase, β-glucosidase and β-glucosaminidase) and abundance of PLFA biomarkers 
for gram-positive bacteria, gram-negative bacteria, actinomycetes and fungi all increased in 
soils amended with Faidherbia litter compared to unamended soils. Aside from increasing the 
abundance of most PLFA biomarkers, the PCA showed that adding of Faidherbia litter to the 
soil resulted in different microbial community composition compared to the unamended soils 
in all sites. In summary, the overall N availability and biological soil quality under Faidherbia 
trees is influenced by seasonal litterfall in the short term and soil modification due to the trees’ 
presence in the long term. 
 
In our C dynamics study, the C mineralization, MBC, and enzyme activities increased in 
amended soils relative to unamended soils during incubation. In contrast to our hypothesis, C 
mineralization in soils amended with maize residue was higher than in soils amended with 
Faidherbia litter. This would suggest a higher contribution to SOC by Faidherbia litter. Soils 
from under the canopy had 12-33% higher SOC than outside the canopy. The 13C natural 
abundance (δ13C) value of SOC under Faidherbia-maize systems ranged from -22.3 to -
13.6‰, showing a mixed C3 and C4 biomass input. Using a two end-member mixing model, 
we estimated that 18-42% of SOC in 20 cm soil layer is derived from Faidherbia trees. From 
this study, it is clear that Faidherbia trees does contribute significant amounts of C to SOC, 
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but management of other C inputs such as from maize residue and savanna grasses is crucial 
in replenishing and maintaining SOC in smallholder farming systems. 
 
The age of Faidherbia trees found on farmers’ fields vary, and as such the amount of litter 
input and quality may also differ. The (bio)chemical properties of litter control its decomposition 
and nutrient release. The litter quality of Faidherbia litter from five age groups was evaluated. 
Further, the C and N mineralization dynamics of Faidherbia, Gliricidia, and Tephrosia litter 
were assessed in an incubation experiment. The results showed very similar concentrations 
of (bio)chemical properties for the Faidherbia litters, but did not show any correlation with the 
aging of Faidherbia tree. Gliricidia litter had higher N, P, and K and lower C/N ratio than in 
other litters. The lignin content in Faidherbia litters was 2-3 times higher than Gliricidia and 
Tephrosia litter. N mineralization significantly correlated with N concentration and C/N ratio of 
the litter. The percentage C mineralized was similar among the litters used. MBC and enzyme 
activities were not different among the Faidherbia treatments, signifying that age did not have 
effect on soil biological properties. However, litter (bio)chemical properties such as N 
concentration and C/N ratio significantly influenced N mineralization and the activity of 
enzymes. The lack of correlation between litter (bio)chemical properties and the tree age 
implies that the age of the tree would not be expected to have much influence on the litter 
quality. However, the results should be interpreted with caution due to the confounding factors 
such different soils and climate that may influence the litter (bio)chemical composition in the 
study. 
 
In conclusion, this study demonstrates that Faidherbia trees significantly increases C and N 
stocks, biological soil quality and influences C and N cycling. The tree’s age influences litterfall 
amounts, and thus the higher N and C stocks under the canopies of mature trees compared 
to young trees. Compared to outside the canopy, we found that young Faidherbia trees (8-22 
years) could already contribute substantial amounts of C and N under their canopies. About 
70% of the overall N availability in Faidherbia agroforestry systems is from the native SOM, 
indicating the effect of long-term modification of soils on N supply. The contribution of 18-42% 
of SOC by Faidherbia trees is significant and could help maintain SOC on many SOM-poor 
soils in Zambia. The substantial effect of Faidherbia trees on N supply and the overall 
biological soil quality show the immense potential of the tree for improving the yield level of 




De opbrengst van maïs, het belangrijkste zetmeel leverend gewas in veel landen van sub-
Sahara-Afrika, is voor kleinschalige landbouwers doorgaans < 1.5 t ha-1. Deze lage opbrengst 
is vooral te wijten aan een slechte toestand van de bodem en weinig of geen input van 
kunstmest gezien de hoge kost ervan. De lokale beschikbaarheid van goedkope en duurzame 
praktijken die de bodemvruchtbaarheid verbeteren en die de opbrengst van maïs verhogen 
zijn voor kleinschalige landbouwsystemen zeer wenselijk. Organische materialen zijn 
essentiële en goedkopere bronnen van nutriënten in agrarische systemen met lage input. 
Stikstoffixerende bomen in agroforestry kunnen een belangrijke rol spelen in de aanvoer van 
N en het in stand houden van de bodemvruchtbaarheid door de toevoer van organisch 
materiaal aan de bodem via wortels en bladval. In deze doctoraatsthesis werd de potentiële 
N-levering van Faidherbia bomen van uiteenlopende leeftijd geschat, zowel via het korte 
termijn effect van seizoensgebonden bladval en als van het lange termijn effect van het 
bladerdek, en werden ook effecten op de koolstofdynamiek bestudeerd onder Faidherbia-
maïs agroforestry systemen. Er werd ook een schatting gemaakt van het effect van het 
bladerdek van de bomen op de opbrengst van maïs.  
 
Aangezien bladval een significante rol speelt in de nutriëntenkringloop van Faidherbia 
agroforestry systemen werd het patroon van bladval, de hoeveelheid en de depositie van 
nutriënten bepaald voor 8-, 15-, en 22-jaar oude Faidherbia bomen op drie locaties in Zambia 
zowel vóór als tijdens het regenseizoen van 2014/15 en 2015/16. Maïs werd geteeld op 
dezelfde locaties en onder bladerdekken van bomen van dezelfde leeftijd als bij het 
strooiselexperiment. Op alle plaatsen begonnen de bomen hun bladeren te verliezen vóór de 
aanvang van de regen, zowel voor het regenseizoen van 2014/15 als voor 2015/16. De 
variatie in bladval van 8- en 15-jaar oude bomen wijst op een verband tussen het 
bladvalpatroon en de aanvang, omvang en de lengte van het regenseizoen. Toch zijn er meer 
observaties over verschillende jaren nodig om dit te bevestigen. 
 
De gemiddelde bladval, over de twee regenseizoenen, was 1.6 t ha-1 voor de 8- en 15-jaar 
oude bomen en 3.8 t ha-1 voor de 22-jaar oude bomen. De jaarlijkse bladval bevatte 34-83 kg 
N ha-1, 1.8-4.3 kg P ha-1 en 10-26 kg K ha-1 per groeiseizoen. Ter vergelijking, de aanbeveling 
voor minerale bemesting voor kleinschalige maïsteelt in Zambia bedraagt 112 kg N ha-1, 18 
kg P ha-1 en 17 kg K ha-1. De nutriënten depositie van 8-, 15- en 22-jaar oude bomen kunnen 
dus zo’n 30-71% N, 10-25% P en 60-100% van de aanbevolen hoeveelheid leveren, indien 
het de enige bron van nutriënten zou zijn. 
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In elk groeiseizoen en op alle locaties, was de opbrengst van maïs die geteeld werd onder het 
bladerdek telkens hoger dan de opbrengst van maïs die daarbuiten geteeld werd. In het 
drogere seizoen van 2015/16 had maïs onder het bladerdek een lagere opbrengst dan in het 
seizoen ervoor, maar de opbrengstvermindering was nog opvallender in velden buiten het 
bladerdek. De opbrengst van maïs geteeld onder het bladerdek was gemiddeld meer dan 1.5 
T ha-1. Ondanks de hoge variabiliteit in neerslag in het groeiseizoen van 2015/2016, was de 
opbrengst van maïs onder een bladerdek van Faidherbia hoger dan de opbrengst van maïs 
die niet onder het bladerdek groeide. Dit toont aan dat de bomen het risico op 
opbrengstvermindering door gewasverlies kunnen verminderen voor kleinschalige 
landbouwers, zelfs tijdens drogere jaren. 
 
Het globale effect van de Faidherbia bomen van verschillende ouderdom op de 
beschikbaarheid en de daarmee geassocieerde impact op microbiële gemeenschappen in de 
bodem werd ingeschat door middel van een gecontroleerd incubatie-experiment. De N-
mineralisatiesnelheid, de microbiële koolstof (MBC) en de enzymactiviteit was hoger in 
bodems onder het bladerdek, in vergelijking met bodems die buiten het bladerdek lagen. De 
totale N mineralisatie onder het bladerdek, door mineralisatie van strooisel en 
bodemorganische stof, bedroeg 17-57 kg N ha-1. Hiervan werd 30% geleverd door de afbraak 
van strooisel op de korte termijn en 70% was het gevolg van het lange termijn bladerdek-
effect. Dit duidt op een belangrijke invloed van Faidherbia op de bodem op lange termijn en 
op de algehele N beschikbaarheid. Bovendien werd via principale componentenanalyse 
(PCA) van PLFA gegevens (nmol g-1 bodem) het verschil tussen jonge en oudere bomen 
duidelijk, wat wijst op een verschil in samenstelling van de microbiële gemeenschap tussen 
de twee leeftijdsgroepen. MBC, enzymactiviteiten (dehydrogenase, β-glucosidase en β-
glucosaminidase) en het aantal PLFA bio-merkers voor gram-positieve bacteriën, gram-
negatieve bacteriën, actinomyceten en schimmels waren telkens hoger in bodems met 
Faidherbia strooisel, in vergelijking met bodems zonder strooisel. Bovendien toonde de PCA 
aan dat het toedienen van Faidherbia strooisel aan de bodem resulteerde in een andere 
microbiële gemeenschap dan in de bodems zonder strooisel, en dit op alle locaties. 
Samengevat wordt de totale N beschikbaarheid en de biologische bodemkwaliteit onder 
Faidherbia bomen beïnvloed door seizoensgebonden bladval op korte termijn en door 
veranderingen in de bodem door de aanwezigheid van de bomen op de lange termijn. 
 
Uit onze studie betreffende de C-dynamiek bleek dat de C-mineralisatie, MBC en de 
enzymactiviteiten toenamen in bodems waaraan Faidherbia strooisel werd toegevoegd. In 
tegenstelling tot onze veronderstelling was de C-mineralisatie hoger bij toevoeging van 
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maïsstrooisel dan bij toevoeging van Faidherbia strooisel. Dit suggereert een hogere bijdrage 
aan SOC door het Faidherbia strooisel. Bodems gelegen onder het bladerdek hadden 12-33% 
meer SOC dan de bodems erbuiten. De natuurlijke aanwezigheid van 13C (δ13C) in SOC onder 
Faidherbia-maïs systemen varieerde van -22,3 tot -13,6‰, wat wees op een gemengde 
biomassa-aanvoer van C3- en C4-soorten. Met behulp van een two end-member mixing 
model werd ingeschat dat 18-42% van SOC in de bovenste 20 cm van de bodem afkomstig 
is van Faidherbia. Onze studie maakt duidelijk dat Faidherbia bomen significante 
hoeveelheden C bijdragen aan SOC, maar dat het beheer van ander C-bronnen zoals 
maïsresten en savannegras cruciaal is in het aanvullen en het behoud van SOC in 
kleinschalige landbouwsystemen.  
 
De leeftijd van de Faidherbia bomen op akkers van landbouwers is sterk variabel, waardoor 
ook de hoeveelheid en de kwaliteit van het strooisel verschilde. De afbraak van het strooisel 
en de vrijstelling van nutriënten zijn afhankelijk van de biochemische eigenschappen van het 
strooisel. We beoordeelden de kwaliteit van het Faidherbia strooisel voor vijf verschillende 
leeftijdsgroepen. De C- en N-mineralisatie van strooisel van Faidherbia, Gliricidia en 
Tephrosia werden bestudeerd a.d.h.v. een incubatie-experiment. De biochemische 
eigenschappen van het Faidherbia strooisel waren erg vergelijkbaar voor de verschillende 
leeftijdsgroepen en er was geen correlatie met de leeftijd. Het Gliricidia strooisel vertoonde 
hogere N-, P- en K-concentraties en een lagere C:N-verhouding dan het strooisel van 
Faidherbia en Tephrosia. De lignineconcentratie in het Faidherbia strooisel was twee tot drie 
keer hoger dan in het strooisel van de twee andere bomen. De N-mineralisatie was significant 
gecorreleerd met de N-concentratie en de C:N-verhouding van het strooisel. Het percentage 
gemineraliseerde C was vergelijkbaar voor alle strooisels. MBC en enzymactiviteiten waren 
niet verschillend voor de vijf leeftijdscategorieën van Faidherbia, wat aantoonde dat de leeftijd 
van de boom geen effect had op de bodembiologische eigenschappen. Biochemische 
eigenschappen van het strooisel zoals de N-concentratie en de C:N-verhouding beïnvloedden 
echter wel de N-mineralisatie en de enzymactiviteit. Het uitblijven van enige correlatie tussen 
de biochemische eigenschappen van het strooisel en de leeftijd van de boom wijzen erop dat 
de leeftijd van de boom geen invloed uitoefent op de kwaliteit van het strooisel. Weliswaar 
moeten deze resultaten met enige voorzichtigheid worden geïnterpreteerd omwille van 
verstorende factoren zoals verschillen in bodem en klimaat. 
 
Deze studie toont aan dat Faidherbia bomen een significante toename veroorzaken van de 
C- en N-voorraden in de bodem en de biologische bodemkwaliteiten en dat ze de C- en N-
dynamiek in de bodem beïnvloeden. De leeftijd van de boom beïnvloedt de hoeveelheid 
strooisel, wat resulteerde in grotere N- en C-voorraden onder het bladerdek van volwassen 
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bomen dan onder dat van jonge bomen. Onder het bladerdek van jonge Faidherbia bomen 
(8-22 jaar) werden hogere C- en N-voorraden teruggevonden in de bodems dan net erbuiten. 
Ongeveer 70% van de totale N-beschikbaarheid in Faidherbia agroforestry systemen is 
afkomstig van de oorspronkelijke bodemorganische stof, wat het belang van het effect van 
lange-termijn veranderingen in bodems op de N-levering aantoont. De aanwezigheid van 
Faidherbia bomen leidt tot een significante bijdrage aan SOC (18-42%) en zou kunnen helpen 
in het behoud ervan op SOC-arme bodems in Zambia. Het effect van Faidherbia bomen op 
de N-levering en de biologische bodemkwaliteit wijzen op het immense potentieel van de 
boom om hogere maïsopbrengsten te bekomen en bij te dragen aan de voedselzekerheid. 
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Degradation of soil resources through nutrient mining, erosion, long-term monoculture, and 
loss of biodiversity poses a serious threat to tropical production systems (Sanchez, 2002). 
These, coupled with inherently low fertility status of most soils in sub-Saharan Africa (SSA), 
contribute to declining crop productivity and food security among resource-poor small-farm 
households (Sanchez et al., 1997a). 
 
Apart from being the most widely cultivated crop, maize (Zea mays L.) is the most important 
staple food accounting for up to 70% of the total caloric intake in southern Africa and parts of 
east Africa (Martin et al., 2000). Even with its importance, the aggregate maize yield among 
smallholder farmers in southern Africa, excluding South Africa, has remained lower than 1.5 t 
ha-1 (Chianu et al., 2012; Mafongoya et al., 2006; Xu et al., 2009b). At this low production 
level, the nutritional needs of southern Africa cannot be met until the underlying constraints to 
maize production are addressed (Edmonds et al., 2009). In most cases, the yield level of 
maize on smallholder fields is limited by low nitrogen (N) input, i.e. poor soil N status, and 
prohibitive cost of chemical fertilizer, thus many rural smallholder farmers cannot afford to buy 
the commodity (Chianu et al., 2012). But other nutrients such as phosphorus (P), basic cations 
and micronutrients may be severely limiting also especially in highly weathered soils, e.g. 
Ferralsols, Acrisols, Alisols, and Nitisols.  
Other constraints to soil productivity in SSA include high acidity, low soil organic matter (SOM) 
and low water-holding capacity due to land degradation. In most SSA countries, bush fallows 
were traditionally used to maintain soil fertility, but this has disappeared or fallow length has 
been greatly reduced due to population pressure, and continuous monocropping is the norm 
(Blackie and Jones, 1993). This has resulted in much of the land used for farming by resource-
poor farmers in SSA being extensively degraded. Therefore, the fundamental question is, “how 
can resource-poor smallholder farmers improve agricultural productivity while replenishing 
and maintaining soil fertility?” 
 
Thus, agricultural practices that would address the constraints highlighted above are desirable 
to improve crop yield and food security among rural households. Sustainable agricultural 
practices have been known to simultaneously improve productivity while maintaining soil 
fertility (Manda, 2016). One such low-cost alternative approach could be the use of N-fixing 
trees in agroforestry. In this case, N-fixing trees which are used for soil fertility replenishment 
are managed on the same land-management units as arable crops (Mafongoya et al., 2006; 
Nair, 1993). These trees are an excellent choice to replace natural fallows and increase maize 
yields on N-deficient soils because of their ability to fix nitrogen biologically (BNF), accumulate 
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N in the biomass, capture subsoil N (lost from the crop’s rooting zone) and increase soil carbon 
content (Kwesiga et al., 1999; Kwesiga and Coe, 1994). 
 
In Zambia, Faidherbia tree (Faidherbia albida) has received interest from both the government 
through the Ministry of Agriculture and other agricultural based non-governmental 
organizations. Faidherbia is a leguminous tree with the potential of improving the soil fertility 
through litterfall, BNF, high SOM, and subsequently the crop yield under its canopy (Saka et 
al., 1994; Kang and Akinnifesi, 2000). This tree is unique compared to other N-fixing trees, in 
that it is mostly leafless during the rainy season and is at full canopy during the dry season. 
Therefore, minimum shading and no need for fallow periods on poor soils favor crop 
production under the canopy of Faidherbia trees (NFTA, 1995). 
 
Saka et al. (1994) and Shitumbanuma (2012) reported maize yield increase under canopies 
of mature Faidherbia trees in Zambia and Malawi. The increase in yield under the canopies 
has been attributed to several factors such as the improvement in microclimate, improved 
rainfall infiltration under the canopies, mulching by falling litter, and supply of nutrients, 
especially N (CTFT, 1989; Giller and Cadisch, 1997; Kamara and Haque, 1992; Rhoades, 
1997; Vandenbeldt and Williams, 1992). All the factors above point to improved soil quality 
under Faidherbia tree canopies. 
 
The major organic C input in agroforestry systems is represented by litter (Novara et al., 2015), 
hence nutrient cycling through litterfall is an important pathway in Faidherbia agroforestry 
systems. Whether incorporated plant residue and/or Faidherbia litter is labile or recalcitrant 
has implications on N and C transformations in soils. The decomposition and release of 
nutrients in soils is influenced by factors such as the quality of the organic material, the 
presence and activity of decomposer organisms, and the environment (Mafongoya et al., 
1998). Litter quality refers to the (bio)chemical constituents such as N, P, lignin, hemicellulose, 
and polyphenol concentration in the litter (Abera et al., 2012). These constituents of litter may 
in turn be influenced by soil characteristics, age of the shrub/tree and other environmental 
factors such as the climate of the location. 
 
Several earlier studies on Faidherbia trees in SSA focused on mature trees’ (>35 years) ability 
to improve crop yields. There is, however, an increase in the population of young (1 to 25-
years) Faidherbia trees on smallholder farmers’ fields in Zambia (Wahl and Bland, 2013) and 
litterfall production and quality may vary with tree age. Consequently, the knowledge on the 
potential of these young trees to improve soil quality and maize yield on smallholder farmers’ 
fields is lacking. 
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Soil biological processes play a vital role in the soil functions such as decomposition and 
nutrient cycling. Soil respiration, microbial biomass, enzyme activities and microbial 
community composition are sensitive to changes in land management practices, and thus may 
be used as indicators of such changes on soil quality and soil functioning (Moeskops et al., 
2010). Nitrogen mineralization, which is the conversion of organic N into inorganic forms of N 
(NH4+ and NO3-) by heterotrophic soil microorganisms, is probably the most significant process 
in determining plant N supply and eventually yield levels. The portions of organic N and C that 
are mineralizable and the rate of decomposition are typically estimated by aerobic incubation 
(Nunes et al., 2016). The mineralizable N indicates N potentially available to plants from 
organic residues, while mineralizable C indicates the availability of substrate for 
microorganisms which are crucial in the cycling of N and other nutrients in soils (Li et al., 
2003). 
 
Trees in agroforestry are efficient in nutrient cycling, and therefore are known to affect C stocks 
differently compared to treeless areas (Watson et al., 2000). Replenishment of SOM through 
yearly litterfall and belowground biomass such as decaying roots and roots exudates may play 
a vital role in SOC build-up under Faidherbia tree canopies. However, little information is 
available on the role Faidherbia agroforestry systems on long-term soil C dynamics and the 
size of soil organic carbon (SOC) stocks under the canopies. Then, estimating SOC pools in 
agroforestry systems is essential to our understanding of C dynamics, and contribution of the 
system to SOC in soils (Oelbermann and Voroney, 2007). Natural carbon-13 abundance 
(δ13C) analysis has been used widely to investigate soil C dynamics (Balesdent et al., 1987; 
Rhoades et al., 2000; Wynn and Bird, 2007). The technique depends on the contrasting 
photosynthetic pathways used by C4 plants and C3 plants of trees and shrubs (Balesdent et 
al., 1987; Krull et al., 2007). Although the δ13C method has been generally applied to study 
land-use changes, i.e. from C3 to C4 vegetation or vice versa (Rhoades et al., 2000; Wynn 
and Bird, 2007), its use to study C dynamics in agroforestry systems with Faidherbia which is 
a C3 plant and C4 plants such as maize within the same cropped area has been inadequate. 
 
In this introductory chapter, we briefly specify the importance of maize production as a staple 
food crop and the obstacles smallholder farmers face in trying to improve maize yield in SSA. 
Next, potential of using agroforestry trees such as Faidherbia to improve soil fertility and maize 
yield is discussed. Further, we highlight the processes N and C mineralization dynamics in 
agroforestry systems. Then we briefly discuss the techniques and indicators used to quantify 
N and C dynamics in soils. Finally, we highlight some knowledge gaps in the research on 
Faidherbia agroforestry systems, research hypotheses, and the outline of the thesis. 
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1.2 Literature Review 
1.2.1 Maize production in sub-Saharan Africa 
Except for South Africa which uses about 40% of maize produced for animal feed, other SSA 
countries use nearly 95% for human consumption (Edmonds et al., 2009). Maize makes up 
for nearly 70% of the total cereal production in southern Africa, making it the single most 
important cereal crop in the region (Figure 1.1). In most southern African countries, Zambia 
included, even if the agricultural economy is diversified, maize will remain a central crop in 
food security (Sauer et al., 2007), because of its cultural, economic, and political significance 
in the region. 
 
Despite the economic and political significance, the production of maize in SSA is dominated 
by smallholder farmers. The poverty and food insecurity is highest among these resource-poor 
rural households who normally practice subsistence agriculture. This has posed a serious 
challenge in increasing the quantity of maize produced in the region because production by 
smallholder farmers is primarily rain-fed (Conway and Toenniessen, 2003), implying that 
maize production is only once a year due to unimodal rainfall in southern Africa, and 
substantial risk of crop failure because of frequent droughts. 
 
The maize crop under smallholder farming in Zambia seldom reaches a yield of 1.0-1.5 t ha-1 
despite using improved maize seed varieties such as hybrid seeds with a potential yield of 7-
10 t ha-1 (FAO, 2016; Mafongoya et al., 2006; Xu et al., 2009). The inherently poor soil fertility 
status coupled with crude agricultural practices such as continuous monocropping of maize 
which may increase prevalence of soil borne diseases e.g. seedling blight, root rots, and stalk 
rot and wilting, crop residue removal, and inadequate or no nutrient replacement have 
contributed to these low yields (Chianu et al., 2012; Morris et al., 2007; Murithi et al., 1994; 
Pal et al., 2001). These practices have led to nutrient depletion, and severe land and soil 
degradation (Smaling et al., 1997; Hartemink, 2003). 
 
The low organic matter on fields largely due to residue removal and to some extent high 
decomposition rate, has led to low SOC and in the end a rapid decline in N (Sanginga et al., 
2001; Sanginga and Woomer, 2009). Thus, most soils in SSA cannot supply the quantities of 
N needed for the maize to grow without external fertilizers. The use of chemical fertilizers on 
depleted soil is clearly the easiest way of providing N and increasing maize yield on resource 
constrained farmers’ fields. But, many resource-poor smallholder farmers rarely apply 
chemical fertilizers because of the high cost of this commodity (Chianu et al., 2012; Sanchez 
et al., 1997b). Access to affordable chemical fertilizer is further constrained by the poor road 
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infrastructure in most of the rural areas (Ajayi et al., 2007). The farm gate price of inorganic 
fertilizer in SSA can be as high as six times the price in Europe (Sanchez, 2002). Because of 
this, farmers in the SSA apply about 8-10 kg ha-1, which is nearly 15 times less chemical 
fertilizer per hectare compared with the rest of the world (Vanlauwe et al., 2014). Therefore, 
many countries in Africa are looking for ways of improving soil fertility management in 
smallholder farming systems (NEPAD, 2003). Several renewable and integrated soil fertility 
management technologies suitable for resource-poor farm households have been introduced 
in response to the challenges mentioned above. In addition to improving soil fertility, some of 
these technologies such as agroforestry also offer other benefits such as reduced soil erosion, 
medicines, fuelwood, and fodder for livestock. In agroforestry systems, the need for external 
inputs is minimal, but the system has shown to improve nutrient supply and crop yield in 
smallholder farming systems. 
 
 
Figure 1.1. Average cereal production in southern Africa (Botswana, Lesotho, Malawi, Mozambique, 
Namibia, South Africa, Swaziland, Zambia, and Zimbabwe) for the period 1990-2014. Data adopted 
from Famine early warning system network (FEWS NET) (2016). 
 
1.2.2 Agroforestry: Definitions and concepts 
Agroforestry is the deliberate cultivation of woody perennials in association with arable crops, 
and livestock on the same unit of land in a spatial mixture or sequence, where trees or shrubs 
provide both ecological and economic benefits on the fields (Young, 1989). The term may be 
used to describe simple forms ranging from shifting cultivation to complex hedgerows or 
within-field dense or scattered intercropping systems. According to Nair (1993) the concept 
behind all the different agroforestry practices is the growing decisively or deliberate retention 
of trees in association with crops and/or livestock for numerous benefits from the same 
management unit. Agroforestry is practiced to meet a variety of objectives, largely to address 
special needs or conditions of people practicing it. These needs include: poverty and hunger 






reducing deforestation, and enhancing fuelwood and fodder supply (Figure 1.2). In addition to 
the special needs mentioned above, agroforestry offers other benefits such as increased water 
infiltration and storage, reduced loss of nutrients through erosion and leaching, increase and 
maintenance SOM which is crucial for soil biodiversity, BNF, improved soil physical 
characteristics and reduced soil acidity (Buresh and Tian, 1998). For example, Sesbania 
sesban roots are able to take up nitrate which has leached below a maize crop root zone 
(Mekonnen et al., 1997). 
 
Agroforestry systems may also interact negatively with intercropped arable crops. This may 
include: Nutrient and moisture competition between tree and crops, production of substances 
that may inhibit germination and crop growth, shading of crops by tree, and tree may be a 
source of pests and diseases. Research is on-going on quantifying the contribution of 
agroforestry to soil fertility and the interaction processes between woody perennials and crops 
in agroforestry (Sanchez, 1995). Agroforestry technologies are being improved with the aim 
of reducing the negative impact trees may have on crops. 
 
 
Figure 1.2. A simplified depiction of some special needs and conditions of the developing tropical 
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Nair (1993) classifies agroforestry into three categories based on their main purpose: (1) 
agrisilvicultural systems is a production technique where arable crops grow simultaneously 
with trees and/or shrubs. The main interest is in the arable crops which dominate the system; 
(2) silvopastoral systems combine producing trees with pasture and/or livestock, in a mutually 
beneficial way. The farmer breeds animals near trees and/or pastures; and (3) 
agrosilvopastoral system is a combination of the two previous systems, with essentially the 
aim of producing both crops and animals, facilitated by nearby trees. In Zambia, mainly 
agrisilvicultural systems are practiced, while only few households integrate livestock in their 
systems. 
 
The interventions of all the systems described above is to contribute to agricultural 
sustainability by (i) sustaining soil productivity and high yields, (ii) providing multiple products 
from trees and shrubs, and crops, thus increasing food and nutritional security, (iii) maintaining 
the natural resource base and achieving a positive environmental impact, and (iv) improving 
rural household income and better livelihood (Kang and Akinnifesi, 2000). 
 
1.2.3 Agroforestry practices in Zambia 
Natural fallows were common among smallholder farmers as a way of replenishing soil fertility 
and improving crop productivity. A slash and burn system commonly practiced in northern 
Zambia (locally known as chitemene) is a type of shifting cultivation in which trees are cut, 
piled and later burned, with crops grown in the areas covered with ash (Chidumayo, 1987). 
When the crop yield declined, the land was abandoned for 5-10 years to allow soil 
regeneration. The farmers shifted to open new fields. However, a rise in population has 
increasingly put pressure on the land, thereby drastically reducing fallow periods, resulting in 
a low soil fertility replenishment capacity of the fallow land. Due to an increase in population 
and less availability of arable land, farming is extending into more fragile lands which are either 
already degraded or highly susceptible to degradation therefore undermining the farmers’ 
ability to produce food (Ajayi et al., 2007). Alternatives had to be considered, and improved 
agroforestry systems that conserve forest fallow while permitting farmers’ cultural practices 
with minimum off-farm inputs are desirable (Ganry et al., 2001). 
 
Crop growth and yield increase on many smallholder fields in Zambia is limited largely by N 
and P deficiencies in soils. Many agroforestry/intercropping technologies have incorporated 
N-fixing legumes with the aim of supplying the much-needed N (Ajayi et al., 2006). Unlike N 
which can be fixed biologically from the air, P cannot. Thus, the sources of plant-available P 
are weathering of minerals, mineralization of SOM, chemical fertilizers and organic material 
(Buresh and Tian, 1998). Still, the P content of plant material and/or from mineralization of 
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SOM is usually inadequate to sustain crop production. Conversely, on-farm management of 
N-fixing trees has proved to be vital in improving yields of cultivated crops whilst minimizing 
use of capital and labor (Mafongoya et al., 2006; Akinnifesi et al., 2010). The different 
agroforestry systems with N-fixing trees that have been promoted in Zambia include: 
 
(1) Improved fallows 
This practice involves the planting of fast-growing N-fixing trees or shrubs in a short fallow of 
2-3 years (Mafongoya et al., 2006). Besides adding significant quantities of N to soil through 
BNF, trees in this system can also capture nutrients from deeper soil layers and recycle them 
back for crop-use through biomass accumulation (Akinnifesi et al., 2010). Akinnifesi et al. 
(2008) reported that maize yield under a Sesbania (Sesbania sesban) - improved fallow was 
double the amount under control plots. The main drawback of this system is that there are no 
crops while the land is under 2-3 years of fallow. 
 
(2) Relay intercropping 
Fast-growing N-fixing legumes such as Tephrosia spp. and Pigeon pea (Cajanus cajan) are 
planted in a crop field after annual crops are well established (Phiri et al., 1999). The legumes 
are left on the field after harvesting the annual crop, mostly maize, and are cut and 
incorporated into the soil as biomass upon land preparation for the next season (Akinnifesi et 
al., 2010). The relay crops need to be replanted regularly. 
 
(3) Alley cropping 
In alley cropping, food crops are grown in alleys formed by hedgerows of N-fixing trees or 
shrubs (Kang and Akinnifesi, 2000). At planting and during cropping, the hedgerow trees or 
shrubs are pruned, favouring crop cultivation by increasing nutrients and moisture in the soil, 
and reducing shading. In Zambia, Gliricidia (Gliricidia sepium) - maize systems are commonly 
promoted because of the litter’s high N-content (Akinnifesi et al., 2006). Once established and 
properly managed, Gliricidia will continuously provide nutrients to the crops for many years 
(Akinnifesi et al., 2010). This is a cheap plant-crop interaction system, but the pruning of the 
hedgerow(s) is labor-intensive. 
 
Therefore, the adoption rate of one or more practices discussed above by smallholder farmers 
is largely dependent on the biophysical limitations of the practice. Additionally, most of the 
species that have been promoted in the systems mentioned above are non-indigenous, thus 




1.2.4 Faidherbia agroforestry system 
Faidherbia tree formerly known as Acacia albida Del. is in the family of Fabaceae. It is 
indigenous to much of Africa, and distributed throughout the dry zones of the continent 
including the Sudanian and Sahelian zones (CTFT, 1989). Though the tree is slow growing 
relative to other agroforestry species, it can grow 25 meters high, and develops extensive 
taproots, reaching adequate underground water (Saka, 1989). Faidherbia trees are of interest 
due to their distinctive phenological pattern. The tree has a ‘reverse’ phenology where it is 
“dormant”, and leafless during the rainy season and grows a full canopy in the dry season 
(Wickens, 1969). This makes it an ideal agroforestry tree on farmers’ fields because there is 
less competition for light, nutrients and water with crops under its canopy during the growing 
season. 
 
Faidherbia trees grow in low rainfall areas, usually below 800 mm (Phombeya, 1999). In 
Zambia, although the densities of the tree vary, it is widely distributed in the southern and 
eastern parts of the country, particularly in the semi-arid valley areas (Umar et al., 2013). The 
tree has been found to be mainly associated with deep and well-drained alluvial sandy soils 
for easy exploitation by its root system (CTFT, 1989). But, in Zambia, the tree has been found 
also growing on clay soils. 
 
Faidherbia tree has many uses ranging from crop yield improvement, source of medicine, 
environmental protection to fodder for livestock. 
For the purpose of this study, we will discuss benefits that are agriculture related. Saka et al. 
(1994) and Poschen (1989) found the yield of maize under the canopy of Faidherbia trees to 
be over 200 and 176% higher under compared with outside the canopy, in Malawi and 
Ethiopia, respectively. A study in Zambia gave similar results, with plots under the canopy 
averaging a maize yield of 4.7 t ha-1 compared with 2 t ha-1 for plots outside the canopy 
(Shitumbanuma, 2012). The increase in maize yields under canopies is attributed to a 
combination of factors such an addition of organic matter to the soil, improved soil moisture 
retention, increased N supply and favorable microclimate (Felker, 1981; Kang and Akinnifesi, 
2000; Saka et al., 1994).  
Nitrogen supply may be through BNF, while its extensive tap root system is reported to draw 
up water with nutrients from deep soil layers to the surface layers (Bernard, 2000). Studies 
conducted on Faidherbia seedlings have shown that roots have nodules (Campa et al., 2000). 
However, there are conflicting reports on presence of nodules on roots in fully grown trees in 
the field under natural conditions, e.g. A study by Vandenbeldt (1991) did not find nodules on 
roots of Faidherbia trees in the field, but a study in Malawi reported nodules on roots of mature 
tree (Phombeya, 2000). Lower BNF rate of 20 kg N ha-1 have been reported for Faidherbia 
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trees (Nair et al., 1993). But, Phombeya (1999) has attributed these lower BNF rate estimates 
in Faidherbia trees to inappropriate selection of reference tree. 
Several have reported higher SOC, total N, P and exchangeable cations K, Na, Ca and Mg in 
soils under compared with outside the canopy (Lofstrand, 2005; Umar et al., 2013). 
 
1.2.4.1 Nutrient cycling in Faidherbia agroforestry 
Nutrient cycling in agroforestry systems benefits crop production and the environment by (i) 
increasing nutrient inputs to the soil, (ii) enhancing internal cycling, (iii) decreasing nutrient 
losses from the soil, and (iv) providing other environmental benefits such as reduced erosion 
and sequester C (Sanchez et al., 1997a). Litter addition and decomposition is one of the 
recognized pathways through which soil fertility is enhanced in tropical agroforestry (Nair et 
al., 1995). Nutrients cycling under Faidherbia agroforestry systems is depicted in a simplified 
diagram, mostly showing nutrient and SOM inputs into the system, and possible losses from 
the cycle (Figure 1.3). The biomass quantity and quality, the nutrient content and the 




Figure 1.3. A simplified nutrient cycle under a Faidherbia tree agroforestry system. The tree is leafless 
during the cropping season, in contrast to the green leaves canopy of other (fertilizer) trees. (partly 
adapted from Nair, 1984; Remy, 2017;Young, 1989). Red arrows indicate possible losses from the 
cycle, while the orange arrows show nutrient input into the cycle. Solid blue arrows show input to SOM, 
the blue dash arrows indicate organic matter mineralization, and subsequent assimilation by plants 
indicated by the brown dash arrows. 
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Because of its reverse leaf phenology, the timing of leaf shedding and how long the tree is 
leafless is crucial for Faidherbia-crop agroforestry systems. Results on Faidherbia litterfall 
pattern have been inconsistent, some reported that litterfall from the tree begins before the 
start of the rainy season (Wickens, 1969; Fagg, 2001; Wahl and Bland, 2013), while others 
reported litterfall one month after the onset of the rains (Roupsard et al., 1999), and throughout 
the year (Dunham,1989). Further, the few previous studies on the amount of litterfall also show 
a discrepancy between Dunham (1989) who estimated a total litter of 1.5 t ha-1, while 
Phombeya (1999) and Jung (1969) estimated higher than 3 t ha-1. The importance of litterfall 
in nutrient cycling, and few studies on litter input and pattern in Faidherbia agroforestry 
systems provides an incentive for conducting this study on varying ages of trees. 
 
1.2.4.2 Factor and processes influencing soil quality in Faidherbia agroforestry systems 
Litter quality 
Temperature and soil moisture, (bio)chemical composition of litter and their interaction, 
regulate decomposition rate and subsequent nutrient release of litter when added to soils 
(Conn and Dighton, 2000; Melillo et al., 1982; Wieder et al., 2009). Mostly, litter quality is 
measured in terms of net N mineralization patterns (Mafongoya et al., 1998). Generally, litter 
of high quality readily mineralizes with substantial N release, while low quality litter results in 
slow and/or low N release. Several litter (bio)chemical characteristics have been suggested to 
predict N mineralization from organic materials, these include: C to N ratio (Vigil and Kissel, 
1991; Giller and Cadisch, 1997), N content (Vigil and Kissel, 1991), lignin content (Berg, 1986; 
Giller and Cadisch, 1997), lignin/N (Vigil and Kissel, 1991), polyphenol/N (Palm and Sanchez, 
1991), and (polyphenol plus lignin)/N ratios (Constantinides and Fownes, 1994). With no 
consensus regarding which litter (bio)chemical characteristics determine the decomposition 
rate and N release the best, Seneviratne et al. (1999) suggested the initial concentrations of 
N, lignin, polyphenols, and the ratio of lignin and polyphenols with N to be considered as the 
major determinants. 
 
Given that studies on Faidherbia trees in Zambia have focused on mature trees, but the 
different ages of trees on smallholder farms may influence soils differently. The quality of litter 
from these trees may differ since the (bio)chemical composition of litter is impacted the tree 
size. Mature trees have a well-developed root system and thus, access a large nutrient pool 
in soils than young trees. The difference in tree age and size may have an effect on the overall 
nutrient deposition by Faidherbia trees. Therefore, it is of interest to study the effect of the age 




Carbon and nitrogen mineralization dynamics 
Quantifying the impact of organic amendments on soil functions can be determined by C and 
N mineralization (Haney et al., 2004). Nitrogen mineralization is the microbial mediated 
conversion of organic N into simple inorganic forms (NH4+) whereas, N immobilization is the 
conversion of inorganic N into organic N. Nitrogen mineralization and immobilization occur 
simultaneously in the soil, the magnitude of each determines whether the effect is net N 
mineralization or immobilization. Because of the close relation between N and C dynamics 
(Figure 1.4), the N deficit in soils can be explained by the depletion of readily mineralizable C 
(McGill and Christie, 1983). Thus, understanding the C and N dynamics in agroforestry 
systems is important for estimating and managing readily mineralizable C and N. Yet, 
information on the overall N availability (i.e. long-term soil modification due to presence of 
canopy and short term yearly litter addition) under Faidherbia trees of varying ages is either 
inadequate or lacking. 
 
Figure 1.4. A simplified relationship between the evolution nitrogen and carbon during decomposition 
of organic materials added to a soil. Initially, there is reduction of NH4+ due to an increase in 
microorganisms consuming NH4+. The highest CO2 concentration corresponds with high 
microorganism activity and most of the available N has been consumed. Finally, there is net N 
mineralization because microorganisms are dying and NH4+ which was part of microbial biomass is 
now available. CO2 production reduces. 
 
To study C and N mineralization dynamics in soils, aerobic incubation experiments are used, 
and fitting kinetic equations to mineralization curves, enabling to quantify mineralizable C and 
N while also yielding the mineralization rates k (Cabrera et al., 2005). The various kinetic 
models’ abilities to extrapolate C mineralization from short-term incubation data is discussed 
extensively by Sleutel et al. (2005). Although many incubation studies have been conducted 
on various organic amendments, little is known about the C and N dynamics in Faidherbia-
maize agroforestry systems. So, quantifying mineralizable N of Faidherbia litterfall reflects the 
tree’s potential to supply N to crops, whereas the quantity of mineralizable C indicates easily 
available energy source for microbes, needed to enhance nutrient cycling in these agroforestry 
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systems. N dynamics in soil are crucial in understanding the fate of N released through 
mineralization. 
 
Soil microbiological activity 
In agroforestry systems, improved soil fertility status is associated with enhanced soil microbial 
biomass (MB) and enzyme activity (Tian et al., 2013). MB which is a labile nutrient source and 
an agent of transformation, is the main driving force in decomposing organic materials. It plays 
a vital role in nutrient cycling and availability in agroecosystems (Chander et al., 1998; 
Kibblewhite et al., 2008). Hence, MB has been proposed as a sensitive indicator of state and 
change of total SOM and soil quality (Sileshi et al., 2014; Singh et al., 2016). The size and 
activity of MB determines the nutrient availability and productivity of agroecosystems. Studies 
have shown that higher MB under agroforestry reflects increased nutrient pool compared with 
non-tree based systems, e.g. a cropping system with Dalbergia sissoo trees, had significantly 
higher MB compared with a cropping system without trees in India (Chander et al., 1998), and 
MB was higher under a Ginkgo-tea agroforestry system compared with monoculture system 
in China (Tian et al., 2013). 
 
Other biological characteristics such as soil enzymes are used also as indicators of biological 
soil quality due to their role in soil biology and function, and their rapid response to changes 
in soil management (Moeskops, 2010; Sileshi et al., 2014). Extracellular enzyme activities 
such as β-glucosidase and β- glucosaminidase, show the functions of decomposer 
communities, depending on metabolic requirements and on nutrient availability (Chen et al., 
2014). β-glucosidase is an extracellular enzyme involved in the C-cycle, while β- 
glucosaminidase plays an important part in both N- and C-cycle in soil (Alef and Nannipieri, 
1995; Parham and Deng, 2000). An intracellular enzyme, e.g. dehydrogenase, participates in 
the oxidative phosphorylation of microorganisms and so often used as a measurement of 
microbial activity (Alef and Nannipieri, 1995). 
 
Soil microbial community composition 
Soil microbial communities are sensitive to environmental changes or stress, and hence make 
them good indicators for assessing changes in soil resulting from management changes 
(Moeskops, 2010; Winding et al., 2005). Phospholipid fatty acids (PLFAs) exist in all living 
cells and can be used as biomarkers for community characterization (Tunlid and White, 1992; 
Zelles et al., 1992). The microbial groups which can be distinguished based on PLFA profiles 
are bacteria (of which Gram-positive and Gram-negative bacteria can be discerned), fungi 
(including the sub-group/phylum of the mycorrhizal fungi), actinomycetes, and protozoa 
(Frostegård et al., 1993; O’Leary and Wilkinson, 1988; Tunlid and White, 1992; Vestal and 
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White, 1989). PLFA profiling has been applied in studies that evaluate the impact of cropping 
and tillage (Minoshima et al., 2007) or differentiate between agricultural systems such as 
organic vs. conventional system (Moeskops, 2010; Petersen et al., 1997). Litter from 
agroforestry trees has been reported to modify soil microbial populations, e.g. Mafongoya et 
al. (1997) found differences in fungal and actinomycetes populations based on biomass 
quantity and quality, and method of application. 
 
The soil microbial processes under Faidherbia tree canopies may play a vital role in soil 
improvement because they drive nutrient cycling and availability. Thus far, little is known about 
the biological soil quality in Faidherbia agroforestry system. This knowledge gap provides a 
motivation to investigate how biological parameters are influenced by litter addition, varying 
tree age, and tree canopy in Faidherbia agroforestry systems. 
 
1.2.4.3 Soil organic matter in agroforestry systems 
In input-limited agriculture systems such as in SSA, the importance of organic matter as a 
source of the much-needed nutrients is apparent on many fields. Consequently, SOC and total 
N concentration of surface soil are normally proposed as indices of soil fertility and N 
availability for crop production (Feller, 1993; Ganry et al., 2001). The direct or indirect 
beneficial role of SOM on various chemical, physical, and biological properties is well 
documented by Feller and Beare (1997) and Guibert et al. (1999). The balance between C 
inputs such as crop residues and organic amendments, and C outputs (mainly via 
decomposition of SOM and export of crop yield) regulate the SOC dynamics (Wang et al., 
2015). In agroforestry systems, in addition to decaying roots and root exudates, litter is the 
main C input. In general, soils under agroforestry systems have higher C storage compared 
with systems without trees (Nair et al., 2009a). Others have reported also elevated SOC and 
total N concentration in agroforestry systems, e.g. Chander et al. (1998) reported a significant 
increase of SOM under Dalbergia sissoo trees in India, 19-year old Gliricidia alley cropping in 
Costa Rica had 16-23% higher SOC than in a sole crop field (Oelbermann et al., 2004), while 
Rhoades (1995) found that 3-30% higher SOC under Faidherbia canopy than outside the tree 
canopy at several sites in Malawi. Further, SOM was 11-100% and 69-107% higher under 
Faidherbia trees than outside the canopy in west Africa and Ethiopia, respectively (Boffa, 
1999; Kamara and Haque, 1992). Of interest among the species mentioned above is the high 
SOC under Faidherbia agroforestry systems. But, how much of SOC under canopies is 





Sources of carbon in agroecosystems 
Several authors have recognized a key role played by trees in agricultural systems to conserve 
soil C (Haile et al. 2008; Nair et al., 2009b; Takimoto et al., 2009). Soil productivity in 
agroforestry systems is more diversified and sustainable, and provides increased 
environmental benefits compared to treeless systems (Oelbermann and Voroney, 2007). 
Though, so far little information is available on the role tropical agroforestry systems, 
especially Faidherbia trees, play in long-term soil C dynamics and the size of the SOC pool. 
Estimates of SOC pools in Faidherbia agroforestry systems are vital to our understanding of 
SOC dynamics, which have implications on the management of SOM in these systems. 
 
Soil organic carbon in agroecosystems reflects the history of the management. Agroforestry 
systems in SSA may have C input from trees, arable crops and other types of organic inputs 
(weeds). Plants usually have a lower δ13C value than air because of isotope fractionation of 
CO2 when it is diffusing through stomata and mesophyll layers for photosynthetic assimilation 
(Munjonji, 2017). The C3-plants such as Faidherbia trees incorporate less 13C than C4-plants 
like Maize, because the former use ribulose bisphosphate carboxylase (Rubisco) which 
discriminates more against13CO2, while the latter use phosphoenolpyruvate carboxylase 
(PEPC). Thus, the isotope composition of C3 and C4 plants is as a result of the isotopic 
fractionation of Rubisco activity in C3 plants and the PEPC activity in C4 plants (Monneveux 
et al., 2007). This makes C3-type plants to have more negative δ13C values while C4-type 
plants present less negative δ13C values. 
 
Tracing of carbon stable isotopes has been applied in soil C dynamics studies to trace the 
sources of SOC to C3 and C4 components (Saiz et al., 2015; Stout et al., 1981). The method 
assumes that C retains the C isotopic signature of its photosynthetic pathway during later 
stages of decomposition (Bernoux et al., 1998; Wang et al., 2015). Then, this can also be 
applied in land-use systems such as agroforestry where there is a mixture of C3/C4 vegetation 
on the same area (Oelbermann and Voroney, 2007; Takimoto et al.,2009). The use of δ13C 
technique in Faidherbia agroforestry systems provides an opportunity to study C dynamics in 
these systems, while at the same time quantifying the contribution of tree litter to SOC. 
 
1.3 Overview of the study area 
Zambia is in a landlocked country in the southern part of Africa, surrounded by eight countries. 
The country covers a surface area of 752,614 km2. The country has a population of 16.4 
million, with the majority being in the rural areas (PRB, 2017). 
Since the country is located in the tropical savanna, it experiences a tropical climate. The 
rainfall events are from November to March with occasional rains in April. Rainfall is mostly 
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from Inter-Tropical Convergence Zone (ITCZ), resulting in higher rainfall in the Northern region 
(>1000 mm) than the southern part of the country (<800 mm). Roughly, three seasons can be 
identified across the country: (1) warm wet season (November-April) with average 
temperatures ranging from 20-25°C, (2) cool dry season from May to August with average 
temperatures between 12-23°C, and (3) hot dry season from September to October with 
temperatures ranging between 27-30°C. 
 
1.3.1 Agro-ecological regions and soils 
The country is divided into three agro-ecological regions largely based on the average annual 
rainfall (MTENR, 2002; Perret, 2006). Region I cover the valley areas in the south and south-
eastern parts of the country. It accounts for almost 15% of the total land area of the country. 
It has the warmest and driest climatic conditions, a short growing season (80-120 days) with 
annual rainfall normally less than 800 mm (Thurlow et al., 2008). The region has long dry 
spells due to erratic rainfall. Our study sites are in agro-ecological region II covers the central 
part, extending from western border to the eastern border of the country (Figure 1.5). 
Specifically, the study was conducted in three provinces namely: Central, Lusaka, and 
Southern provinces of Zambia. The rainfall in region II is between 800 and 1000 mm and more 
evenly distributed, with a growing season of 120 to 150 days. Agro-ecological region III mainly 
cover the north-western and northern parts of the country, and receives annual rainfall above 
1000 mm annually (Figure 1.5). The agro-ecological region has the longest cropping season 
in terms of rainy days (up to 180 days), but the productivity of soils is low due to high leaching 
of soil nutrients (Kaluba et al., 2017). 
 
Agro-ecological region II has comparatively more fertile soils, and thus has the highest 
agricultural activities compared to other regions. This region is further divided into two; IIa: 
covering the plateau areas of Central, Eastern, Lusaka and Southern Provinces, while IIb 
cover the semi-arid areas of Kalahari sand plateau and Zambezi Flood plains of Western 
province. Agro-ecological region IIb is dominated by Arenosols. 
 
For the study locations, the reference soil groups for each location were extracted from an 
updated soil map of Zambia (WRB, 2006). However, the soil at GT is from a soil survey report. 
The soils at GT are classified as Phaeozems, characterized by very deep, well drained dark 
reddish brown fine clayey soils (Mulenga, 1992). These soils have high activity clays, usually 
with high base status. The soils at Kasisi (KS), Magoye (MG) and Chongwe (CH) are Acrisols 
(Figure 1.6). The soils at KS and CH8 are yellowish brown soils deep and well drained, with 
sand to loam topsoil. Soils at MG are also well drained brown soils with high sand content in 
the topsoil. Acrisols are characterized by low-activity clays with low base status. However, the 
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soils at Chongwe with >35-year old trees had a different soil texture compared to CH8. The 
site has dark grey soils, with high clay topsoil which has cracks on the surface in the dry 
season characteristic of vertisols. The soils at Monze (MZ) are Alisols (Figure 1.6). Alisols 
have low base status, but have high-activity clays in the horizon with high clay content. The 
soil has high sand content in the topsoil. The area around the MZ location is low-lying and 
prone to occasional flooding especially in years with above-normal rainfall amounts. According 
to the soil map of Zambia, trees at Shimabala (SH) are on Vertisols (Figure 1.6). These soils 
have high clay and form cracks on the soil surface during the dry season. 
 
 










Figure 1.6. Soil map extracted from soil map of Zambia showing the study locations in three provinces 
(Lusaka province with three locations, one location in Central province, and two locations in Southern 
province) of Zambia. 
 
1.4 Statement of the problem 
Smallholder farming systems contribute over 70% to total maize production in Zambia, but 
their yield of <1.5 t ha-1 is still far below the world average yield primarily due to poor soil fertility 
status. Nitrogen is one of the plant nutrients that is largely limiting maize yields in Zambia. 
Despite the availability of chemical N fertilizers on the market, the high cost of the commodity 
limits its use by many resource-poor smallholder farmers. The continued low yield has 
negatively affected the rural household food security who depend on maize as a staple food 
and source of income. To overcome N deficits and improve maize yields, there is a need to 
use locally available nutrient resources as low-cost alternatives for soil and nutrient 
management. 
 
Nitrogen fixing trees in agroforestry such as Faidherbia could play an important role in 
maintaining or regenerating soil fertility by adding organic matter to soils through roots and 
litter on the fields. Although there exist numerous studies on Faidherbia’s effect on soil 
properties, these focused mainly on the chemical soil properties under mature trees (>35 
years old). Firstly, young trees (<35 years old) account for a fair share of Faidherbia trees 
population on many smallholder fields in Zambia, but the current knowledge about their 
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potential to supply N, and improve soil quality is lacking. Secondly, although Faidherbia trees 
in Zambia are mostly associated with maize production, thus far little is known about N and C 
dynamics under Faidherbia-maize agroforestry systems. Finally, litterfall is one of the major 
paths through which nutrients are added and recycled in Faidherbia tree agroforestry systems, 
yet information on litterfall pattern and nutrient deposition, and maize yield under different ages 
of Faidherbia trees on smallholder farmer’s fields in SSA is either inadequate or lacking. 
 
1.5 Objectives and thesis outline 
A starting hypothesis of this study is that the increase in the level of maize yield in Faidherbia-
maize agroforestry systems compared to outside the canopies is as a result of improved soil 
carbon and nitrogen dynamics and soil quality under the tree canopy. The overall aim of this 
study is to investigate the role Faidherbia trees play to improve soil quality and yield level of 
maize under dry land agriculture in Zambia. The main hypotheses of this thesis are related to 
improved agricultural practices based on the use of Faidherbia trees in maize fields in Zambia. 
The specific hypotheses tested are as follows: (1) seasonal Faidherbia litter addition increase 
N availability in soils under Faidherbia tree canopies, (2) soil modification under canopies of 
Faidherbia trees improve N availability and biological soil quality for maize production 
compared with tree-less fields, (3) Faidherbia trees consistently increase the yield level of 
maize under their canopies compared to fields outside the canopies, (4) leaf litter from 
Faidherbia trees increase soil C stocks in Faidherbia-maize agroforestry systems, (5) the 
nutrient concentration and litter quality of Faidherbia trees leaf litter differs with the age of the 
tree, and (6) the effects of Faidherbia litter on C and N mineralization dynamics are 
comparable with other commonly used agroforestry species such as Gliricidia and Tephrosia. 
Gliricidia and Tephrosia were selected as low-cost agroforestry technologies that could be 
used for soil improvement in the short to medium term. Since benefits from Faidherbia 
agroforestry systems may not be immediate, we wanted to see whether the effect of Gliricidia 
and Tephrosia leaf litter on C and N dynamics and biological soil quality will be similar to leaf 
litter from Faidherbia trees. These hypotheses were tested through a series of field and 
laboratory experiments to answer the research questions related to the main hypothesis. 
 
In the short term, organic material in soils provides energy and nutrients needed by 
microorganisms to drive the mineralization process, simultaneously releasing N and other 
nutrients. Whereas, in the long-term, organic material not mineralized adds to organic C and 
N pools in the soil. Thus, in this study, we investigated the influence of Faidherbia trees on 
soil C and N dynamics, and biological soil quality both in the long and short term. 
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In Chapter 2 we scrutinized the litterfall patterns and amounts from 8-, 15- and 22-year old 
Faidherbia trees in Zambia. We erected nylon mesh litter traps under selected representative 
trees of each age to estimate the litterfall and nutrient deposition. We evaluated yield level of 
maize under a tree age gradient as for litterfall patterns, and compared with corresponding 
maize yields outside the tree canopy. The data from both litterfall pattern and maize yield 
experiments was collected over two years (2014/15 and 2015/16). 
 
Improving soil fertility status, and N availability in smallholder farming systems would increase 
crop yield. In Chapter 3, we assessed the soil quality (using often used biological soil quality 
indicators) under the canopy of Faidherbia trees vs. outside the canopy at eight sites. We 
assessed also the overall N availability in Faidherbia tree agroforestry systems by measuring 
N mineralization from added Faidherbia litter (short term litter effect) and native SOM (long 
term canopy effect). Finally, we use the amounts mineralized to show the contribution from 
litter and native SOM to N requirement for smallholder maize production in Zambia. 
 
Chapter 4 outlines experimental laboratory results about the litter quality, one of the factors 
controlling the decomposition of organic materials and subsequently nutrient release in the 
soil. In this chapter we wanted to answer the questions: (1) Is the litter quality different among 
the different ages of Faidherbia trees? (2) what are the N and C mineralization potentials of 
Faidherbia litter compared with other agroforestry species, such as Gliricidia and Tephrosia? 
(3) How does litter from these three tree species impact on soil microbial biomass and enzyme 
activities? To answer these questions, we compared the (bio)chemical parameters of the litter 
from different ages of Faidherbia trees. Next, we conducted incubation experiments using a 
sandy loam soil to assess the N and C mineralization dynamics and soil biological parameters. 
 
The decline of SOM on many rural smallholder fields in SSA has resulted in low soil fertility 
status on these fields. Apart from being a source of plant nutrients, SOM influences also the 
soil productivity due to its effect on physical, chemical, and biological properties. The effects 
of Faidherbia tree age on C mineralization, and MB and enzyme activities of soils were 
determined in Chapter 5. To gain more insight on C dynamics, we used δ13C technique to 
determine the contribution and source of soil C within a 20 cm deep soil layer under a 
Faidherbia-maize agroforestry system at six sites in Zambia. 
 
Finally, Chapter 6 discusses and summarizes the main findings of this thesis, limitations of the 
study, and ending with prospects for further research on Faidherbia agroforestry systems. 
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Chapter 2: Quantifying nutrient deposition and yield levels of 





Inherently low soil fertility and relatively costly chemical fertilizers contribute to low maize yield 
and food insecurity among rural smallholder farmers in sub-Saharan Africa. The use of 
fertilizer trees such as Faidherbia albida (Faidherbia) to improve the soil fertility and yield of 
maize is recognized by many as a good practice. This study examined the litterfall pattern, 
quantity and nutrient deposition from 8-, 15- and 22-year old Faidherbia trees on three sites 
in Zambia before and during the 2014/15 and 2015/16 rainy seasons. Litterfall including its 
nutrient content was estimated using nylon mesh litter traps erected over three randomly 
selected representative trees of each age. Further we assessed the yield levels of maize 
grown under 8-, 15- and 22-year old Faidherbia trees. Litterfall from 8- and 15-year old trees 
peaked one month before the start of the rains and continued dropping during the earlier part 
of the rainy season in 2014/15, whereas litterfall from 22-year old trees peaked after the start 
of the rains. Faidherbia trees on average dropped 1.6, 1.7 and 3.8 t DM ha-1 of leaf litter for 8-
, 15- and 22-year-old trees, respectively. These litterfall quantities translate to potential nutrient 
deposition of between 34-83 kg N ha-1, 1.8-4.3 kg P ha-1 and 10-26 kg K ha-1 from litter every 
growing season. The yield levels of maize for the two growing seasons under Faidherbia tree 
canopy were consistently higher compared with yield outside the canopy, and these yield 
differences were much more pronounced in the drier year. The substantial nutrient deposition 
through litterfall and increase in maize yield under Faidherbia tree canopy, show the potential 
of these trees to improve yield levels of maize and mitigate the risk of crop failure on 










Maize (Zea mays) is the most important food crop in Zambia that has been commercialized 
as a cash crop by many rural farmers (Jayne et al., 2007). Despite the availability of improved 
hybrid maize seed varieties with yield potential of 7-10 t ha-1, many smallholder farmers rarely 
reach a yield of 1.2-1.5 t ha-1 (FAO 2016; Xu et al., 2009b). Poor agricultural practices such 
as monocropping which promote soil borne diseases, poor weed management, limited (8-20 
kg N ha-1) or no nutrient replacement and crop residue removal, thereby exposing fields to 
erosion, is common on most smallholder farmers’ fields in sub-Saharan Africa (SSA), Zambia 
included (Morris et al., 2007; Murithi et al., 1994). These practices reduce the productivity of 
already fragile soils and severely increase the already high food insecurity among rural 
smallholder farmers. Therefore, alternative low-cost practices that could enhance soil fertility 
and improve yield levels of maize among smallholder farmers in Zambia are much needed. 
 
One such alternative practice is agroforestry. Nitrogen-fixing trees in agroforestry have shown 
the potential to conserve soil organic carbon (SOC) and replenish soil fertility through root and 
litter decomposition (Schroth and Sinclair, 2003; Akinnifesi et al., 2010). Mafongoya et al. 
(2006) describe a fertilizer tree system as one that restores nutrient cycling and replenishes 
soil fertility through on-farm management of N-fixing trees. The promotion of N-fixing trees 
among smallholder farmers is based on their ability to address most of the biophysical and 
socioeconomic limitations, identified with earlier practices such as green manures (Kwesiga 
et al., 2003; Akinnifesi et al., 2008). 
 
Faidherbia (Faidherbia albida) (Del.) A. Chev. (syn. Acacia albida) is being promoted in 
Zambia to improve soil fertility and crop yields on smallholder farmers’ fields. Because of its 
unique characteristic of shedding leaves during the wet season and having them in the dry 
season, crops are grown under the canopy with minimum shading. The benefits of having the 
tree in a cropping system are: (1) increase in crop yield under the canopies, (2) improvement 
of soil quality underneath the canopies, and (3) addition of biomass through litterfall. In 
addition, nitrogen fixation reduces costs on chemical fertilizer and labor input (Akinnifesi et al., 
2010). Apart from its use in agriculture, Faidherbia trees provide wood and firewood to rural 
households, shade to animals during the hot dry season and the pods from the trees are a 
good source of livestock feed (Phombeya, 1999). 
 
Much of the research in Zambia has been on ‘mature’ trees, usually >35 years old (GART 
2009; Shitumbanuma, 2012). Wahl and Bland (2013), however, observed that due to the 
promotion of the tree, there is an increasing share of young Faidherbia trees, ranging from 
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seedlings up to an age of 25 years on many smallholder farmers’ fields in Zambia. The benefits 
that are attributed to these ‘mature’ trees possibly differ from relatively young trees. Litterfall 
production and quality may vary with tree size, tree age, climate, soil type and management 
practice (Starr et al., 2005; Murovhi et al., 2012; Negash and Starr, 2013). Litterfall has been 
documented by many researchers as one of the major sources of nutrients and SOC through 
which soils are improved under canopies of Faidherbia trees (Saka et al., 1994; Kamara and 
Haque, 1992; Umar et al., 2013). Even so, information on litterfall pattern and quantity from 
Faidherbia trees and relating this to how much nutrients are added by the trees on smallholder 
fields in SSA is either inadequate or lacking. To the best of our knowledge, no studies have 
been conducted on litterfall patterns and nutrient deposition from different ages of Faidherbia 
trees in SSA. 
 
Therefore, we conducted a study to estimate litterfall patterns and nutrient deposition, and 
maize yield potential under different age classes of Faidherbia trees in Zambia. We 
hypothesized that: (1) chemical characteristics are higher in soils under Faidherbia tree 
canopies than outside the canopies and (2) maize yield under Faidherbia tree canopies is 
consistently higher compared with yield outside the tree’s canopies. To test these hypotheses, 
litterfall pattern of three ages of Faidherbia trees was determined using litter traps. Further, 
we measured the soil characteristics of soils collected Faidherbia canopies and outside the 
tree canopies. Finally, maize was used as a response crop to compare yields under the 
canopy of three ages of Faidherbia trees with respective yields outside the canopy.  
 
2.2 Materials and methods 
2.2.1 Study area and tree selection 
The study was conducted at Kasisi Agricultural Training Center (KS) in Chongwe District of 
Lusaka Province and Golden Valley Agricultural Research Trust (GT) in Chisamba District of 
the Central Province of Zambia, respectively. The sites are in agro-ecological region II of 
Zambia, which receives between 800-1000 mm average annual rainfall (Figure 1.5). Monthly 
rainfall distribution for the study sites was measured (Figure 2.3). The field in KS is on deep 
well drained, Acrisols with sandy loam texture in the upper 20 cm soil layer, and the field in 
GT is on Phaeozems, which are deep, well drained and have clayey texture (Figure 1.6).  
 
We selected the fields for sampling based on: (1) presence of six or more isolated Faidherbia 
trees, (2) trees of similar size and age, and (3) trees on uniform soil texture and topography 
(Figure 2.1). The age of the trees was given by the farmers for trees on their fields, and by the 
technical staff for trees on research/training institutes. Trees at GT were of two age groups 
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namely: 8-year old trees on a 1 ha field and 15-year old trees on a 6.5 ha field planted in a 
grid spaced at 10 m x 10 m. Trees at KS were 22-years old and planted as hedge trees with 
average within-hedge spacing of 10 m. Some trees within the hedge at KS were larger than 
others, therefore, the canopies of the big trees overlap with smaller trees. To avoid over 
estimation of litterfall, we selected trees that did not have overlapping canopy cover as 
replicates. The tree age mentioned here is that at the time of setting up the experiment (2014) 
and for simplicity, this age will be used as the reference age throughout the thesis. 
 
Figure 2.1. A picture of fifteen-year old Faidherbia trees at Chisamba on a similar topography. 
 
2.2.2 Experiment setup and sampling 
2.2.2.1 Soil sampling 
Three Faidherbia trees per age were selected randomly for soil sampling. We evaluated two 
scenarios i.e. under the canopy and outside the canopy. Each tree was taken as a replicate. 
Quadrants under the canopy centered on the tree trunk were made on the ground. Five soil 
samples 0-20 cm soil layer were randomly collected within each quadrant (under the canopy) 
and thoroughly mixed to make a composite sample (Figure 2.2). Soil samples outside the 
canopy (controls) were collected randomly in 3 replicates (five sampling points per replicate) 
more than 5 m from the edge of the canopy on the windward side of the tree, except in 
Chisamba, where controls were collected more than 10 m from the two fields as the area 
immediately surrounding the trees was used for other research activities. We used only one 
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control (3 replicates) for both ages at Chisamba because the trees are on the same soil type 
and under the same management. All soil samples were collected before the start of the rains. 
 
 
Figure 2.2. A drawing depicting the sampling campaign used for collecting soil samples 
 
Air-dried soils for soil chemical and physical characteristics analysis were passed through a 2 
mm sieve. Soil texture was determined by the hydrometer method as outlined by Gee and 
Bauder (1979). The soil pH in 1 M KCl was determined from a soil: solution ratio of 1:2.5 using 
a pH meter (Thermo Orion, model 420A+). Soil organic carbon (SOC) and total N 
concentrations were measured with a Variomax CNS elemental analyzer (Elementar GmbH, 
Hanau, Germany) using the Dumas method. Plant available K and P were extracted with 
ammonium lactate (soil: solution ratio 1:20) and quantified using an Inductively Coupled 
Plasma (ICP) spectrometer (iCAP 6000 series, Thermo Fisher Scientific Inc., Newington, 
USA). Mineral N (NH4+ and NO3-) was determined from 20 g soil extracted with 1 M KCl 
(soil:solution ratio 1:5) and measured colorimetrically with a continuous flow auto analyzer 
(Chem-lab 4, Skalar 223 Analytical, Breda, The Netherlands) after shaking for one hour. 
 
2.2.2.2 Litterfall pattern and quantity 
To estimate the quantity of litterfall from Faidherbia trees, litter traps were installed at GT, 
under canopies of 8- and 15-year old trees and under 22-year old trees at KS. Three 
representative Faidherbia trees of the same age and on a homogeneous soil texture were 
selected randomly for trap installation at each site. Representativeness at each site was based 
on trees having similar trunk circumference (at 1.3 m) and canopy coverage area (calculated 
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from average radius measured at each cardinal point of the tree with a tape from the tree trunk 
to points on the ground judged to be the edge of the canopy) (Table 2.1). For each tree, three 
litter traps with a PVC frame and a square opening of 0.5 m2 (1.2 mm nylon mesh size) were 
installed at 1±0.02 m above ground under the canopy in a triangular formation around the tree 
trunk. In total, nine litter traps were installed under each age group from August to January in 
2014/15 and August to April in 2015/16 season. We set up litter traps in the period thought to 
correspond with peak leaf-shedding for these trees until trees were leafless. The average 
distance of the litter traps from the tree trunk were 2.4 m, 2.7 m and 6.4 m, for 8-, 15- and 22-
year old trees, respectively. 
Litter from the traps was collected every two weeks and oven-dried at 65°C until constant 
weight. Normally, smallholder farmers collect pods as livestock feed and twigs and small fallen 
branches are used as firewood. Thus, the oven-dried litter was sorted by hand to separate 
foliar litter from non-foliar litter (mainly pods and twigs) and weighed. Only foliar litter was used 
in further analysis and therefore, the term “litterfall” will be used to represent “shed foliar litter” 
throughout the chapter.  
Litterfall from all the sampling events per age was thoroughly mixed and a subsample of dry 
litterfall was finely ground for determination of C and N concentrations with a Variomax CNS 
elemental analyzer. For total P and K in the plant tissue, 1 g of litter was placed in a muffle 
furnace at 550°C for 4 hours. The ash was dissolved in 20 ml of 1 M HNO3 and total P and K 
was quantified using an Inductively Coupled Plasma (ICP) spectrometer (iCAP 6000 series, 
Thermo Fisher Scientific Inc., Newington, USA). 
 
2.2.2.3 Maize grain and biomass yield experiment 
Maize was used as a response crop to determine the influence of Faidherbia trees on the yield 
for the two growing seasons 2014/15 and 2015/16. The experiment was carried out under rain 
fed conditions and no fertilizer was used on any of the plots which also reflects the common 
farmers’ practice. The experimental design was completely randomized. Plots were assigned 
to three randomly selected trees within the field for each age group, and three control plots 
outside the canopies were setup (i.e. each tree had a maize plot under its canopy). At 
Chisamba and Kasisi, the control plots were more than 10 m and 5 m away from the edge of 
the tree canopies, respectively. The two ages of trees on the Chisamba site used one control 
because the trees are on the same soil texture class, climate and management practices. The 
land was prepared according to the local farmer’s practice by establishing permanent planting 
basins (30 cm long x 15 cm wide x 10 cm deep) using a hand hoe before the onset of rains. 
The basins were deliberately made shallow to allow for easy crop emergence. Average plot 
size at each site was 20 m2 (4 m x 5 m), with a spacing of 0.90 m x 0.75 m and with three 
plants per station (equivalent to a plant population of 4.44 104 ha-1). Hybrid maize seed variety 
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MRI 594, 110-135 days to maturity was used on all the sites. Weeding using a hand hoe was 
done at four and eight weeks after crop emergence. The maize plant was allowed to grow to 
its full maturity. The plants were left to dry in the field and the ears were manually removed. 
We harvested the whole plots. After harvesting, the maize ears were further air-dried, shelled 
by hand and the grain weighed per plot. Crop residue was also harvested after removing the 
maize ears. The data was collected in the same way for both 2014/15 and 2015/16 seasons. 
 
2.2.3 Data analysis 
The total litterfall for each season was calculated as the sum of all the litter collected during 
the period the litter traps were in the field. The litterfall per hectare of canopy cover was 
calculated on area basis from the 0.5 m2 opening area of the litter traps. Nutrient deposition 
through litterfall per hectare was calculated by multiplying nutrient (N, P, K) concentrations in 
the litter with the total litterfall per hectare of canopy cover. We compared the litter nutrient 
content between 8 and 15-year old trees only. 
A Linear Mixed-Effects model followed by Bonferroni pairwise comparisons on the fixed effects 
(canopy with two levels: under canopy and outside canopy) was fitted to soil chemical 
characteristics data, and yield level of maize data. This model was used because it accounts 
for correlations among observations within the site (trees used as replicates were from the 
same site) and variability between sites (Cunnings and Finlayson, 2016). Plot location was 
taken as a fixed effect, while site was taken as a random effect because the sites are 
representative of a sample rather than the whole population of sites with Faidherbia trees. 
Although the same plots were used for the maize yield experiment in 2014/15 and 2015/16 
seasons, we analyzed the data from each season independently. This is because: (1) our 
main interest was to determine whether Faidherbia trees positively affects maize yield under 
the canopies, and (2) the variability in rainfall amounts for the two seasons meant that the 
conditions were different for each season. A t test was used to compared litter nutrient 
concentration between litter from 8 and 15-year old trees. Statistical significance was judged 
at the 5% significance level. Statistical tests were carried out using the IBM SPSS software 




Table 2.1. Location of study sites, tree age and canopy cover of Faidherbia trees (average ± SE; n=3) 
 
Site Coordinates Age of tree (yr.) Stem diameter (m) Canopy area (m²) 
GT S14°57’ 
E28°06’ 
8 0.37±0.02 88.80±16.02 
 15 0.38±0.02 99.03±5.88 
KS S15°14’ 
E28°29’ 
22 0.77±0.09 372.81±78.99 
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2.3.1 Rainfall and litterfall pattern 
GT and KS received cumulatively 738 mm and 975 mm of rainfall in season 2014/15, 
respectively. In the season 2015/16, total rainfall reduced to respectively, 727 mm and 642 
mm for GT and KS (Figure 2.3). 
 
Litterfall intensity from 8-year old trees peaked one month before the onset of the 2014/15 
rainy season, whereas, in 2015/16 season litterfall tended to peak in November immediately 
after the start of the rains. In both seasons, the 8-year old trees dropped more than 54% of 
litter before the beginning of the rains. A rapid reduction in litterfall quantities was observed by 
the end of November and January in 2014/15 and 2015/16, respectively. By the end of 
January, when over half of total rainfall had been received, 100% and 91.5% of the total 
litterfall had been collected from the 8-year old trees in 2014/15 and 2015/16, respectively 
(Figure 2.4). 
 
Litterfall pattern from 15-year old trees also varied between 2014/15 and 2015/16 as observed 
for 8-year old trees. There was prolonged litter shedding in 2015/16 season, compared with 
the previous season. Before the start of rains, the trees dropped more than 96% and 45% of 
the total litter in 2014/15 and 2015/16 seasons, respectively. Similar to 8-year old trees, by the 
end of January these trees also had dropped 100% of their litter in 2014/15 season, but in the 
2015/16 season this was only 71.5% of total litter. 
 
 
Figure 2.3 Rainfall amounts and distribution measured during the 2014/15 and 2015/16 seasons for GT 
(A) and KS (B) sites. 
 
Litterfall from 22-year old trees at KS was higher than the trees in GT. Litter shedding intensity 
peaked between December and January in 2014/15 season. Furthermore, the highest litterfall 
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quantity was recorded in 2015/16 between January and February showing a slight shift from 
the previous year (Figure 2.4). After three months of rainfall, 100% of litter had dropped in 




Figure 2.4. Seasonal litterfall pattern in (kg DM ha-1) for 8- and 15-year old trees in GT, and 22-year old 
trees in KS during the 2014/15 and 2015/16 seasons. Dashed vertical line indicates the start of the 
rains. Error bars are the standard error of the mean (n=9). 
 
2.3.2 Nutrient deposition and soil nutrient status under canopies 
2.3.2.1 Litter nutrient content 
Nutrient concentration in litterfall varied between the tree ages, although, no trend with age 
was observed. The total N concentration was 21% higher in litter from 8- compared to litter 
from 15-year old trees (p=0.006). Litter from 15-year old trees was 19% significantly higher K 
than 8-year old trees. The P concentration was not different between the two litters. The C/N 
ratio of litter from 8-year old trees was 3.5 units lower than litter from 15-year old trees. The N 
and P concentration, and C/N ratio of litter from 22-year old trees was intermediate to those 
of litter from 8- and 15-year old trees (Table 2.2). 
 
Table 2.2. Nutrient content and C/N ratios of litterfall from three ages of Faidherbia trees (average±SE; 
n=3). 
 
2.3.2.2 Litterfall quantity and nutrient deposition 
Litterfall quantity under the canopies of tree at three sites ranged from 2 t DM ha-1 to 3.6 t DM 
ha-1 in 2014/15 season. In 2015/16 season, 0.7 and 1.4 t DM ha-1 less litterfall was collected 
from 8- and 15-year old trees compared to 2014/15 season, respectively (Figure 2.5A). 
Age of tree 
(yr.) 
C N C/N P K 
(%) (-) (g kg-1 DM) 
8 43.50±0.00 2.50±0.00 17.6±0.15 1.11±0.00 6.23±0.05 
15 43.93±0.03 2.07±0.06 21.1±0.40 1.20±0.00 7.37±0.25 
22 43.57±0.03 2.23±0.06 19.6±0.40 1.14±0.00 7.07±0.15 
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Litterfall amount from 22-year old trees was 3.6 and 3.9 t DM ha-1 in 2014/15 and 2015/16 
season, respectively (Figure 2.5A).  
 
Eight- and fifteen-year old trees returned almost the same amount of nearly 50 kg N ha-1 to 
the soil in 2014/15 season, while 22-year old trees returned a much higher amount of 80.2 kg 
N ha-1 (Figure 2.5B). The N returned by 22-year old trees in 2015/16 season was more than 
double the N deposition from 8- and 15-year old trees. Total P returned from 22-year old trees 
tended to be higher in 2015/16 compared to 2014/15 season. Conversely, total P returned by 
8- and 15-year old trees was 1.6 and 2.5 times higher in 2014/15 compared to 2015/16 season 




          
Figure 2.5. Foliar litterfall quantity and nutrient return for three ages of Faidherbia trees in 2014/15 and 
2015/16 seasons: Litterfall quantity (A), total N (B), total P (C) and total K (D) amounts (kg ha-1). 
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2.3.2.3 Soil nutrient status under and outside canopies of Faidherbia trees 
In general, soils at all the sites were acidic with pH-KCl ranging from 4.23 to 5.19. Although 
the soil pH tended to be higher in soils under the canopies, this was not significantly different 
to pH in soils outside the canopies (Table 2.3). The mineral N in soils under the canopies was 
26% significantly higher than in soils outside canopies. Likewise, soils under the canopies had 
3 times higher exchangeable K than soils outside the canopies (Table 2.3). The concentration 
of available P under canopy tended to be higher than outside the canopy for all sites, although 
not significant. Soils from under the canopies had 31% and 43% significantly higher SOC and 
total N content compared with soils outside the canopies, respectively. C/N ratios were on 
average 1.3 significantly lower in soils under the canopies than outside the canopies (Table 
2.3).  
 
Table 2.3. Soil characteristics under canopies of Faidherbia trees of 8, 15 and 22 years old and outside 
canopies of respective tree age.  
Site pH-KCl Mineral N Av. P Exch. K  SOC Total N C/N  
(-) 
Soil textural 
class (USDA) (mg kg-1 soil) (%) 
GT         Clay 
Outside 4.61±0.01 20.90±0.43 1.3±0.7 80.47±10.15  1.52±0.07 0.10±0.00 15.57±0.23  
8 4.23±0.16 26.73±3.05 1.98±0.35 246.53±42.58  1.71±0.16 0.12±0.01 13.88±0.27  
Outside 4.61±0.01 20.90±0.43 1.3±0.7 80.47±10.15  1.52±0.07 0.10±0.00 15.57±0.23  
15 4.63±0.17 26.25±3.66 4.06±2.34 312.80±86.44  2.19±0.14 0.14±0.00 15.50±0.72  
KS         Sandy loam 
Outside 4.41±0.01 15.39±0.07 2.10±0.15 91.63±2.98  0.74±0.01 0.06±0.00 12.06±0.67  
22 5.19±0.06 19.22±1.51 2.23±0.07 206.77±85.02  1.05±0.01 0.11±0.01 9.79±0.35  
 
2.3.3 Maize grain and biomass yield 
The average yield level of maize grain under the canopies was nearly 7 times higher compared 
with the yield from plots outside the canopies (Table 2.4). Specifically, the yield level of grain 
under the canopies of 8- and 15-year old trees were 7- and 12-times higher compared with 
the yield from plots outside the canopy in 2014/15 season, respectively (Table 2.4). In 2015/16 
season, grain yield from plots under 8-year old trees was double the grain yield outside the 
canopy. The grain yield in 2015/16 season under canopy of 15-year trees reduced compared 
to 2014/15 season, nevertheless, it was still 10-times higher than the grain yield from outside 
the canopy. The grain yield under the canopy of 22-year old trees in KS quadrupled compared 
with plots outside the canopy in 2014/15, whereas in 2015/16 season, the grain yield went 
from 0.1 t ha-1 outside the canopy to more than 1.5 t ha-1 under the canopy (Table 2.4). 
 
Maize crop residue followed the same trend as for the grain yield i.e. significantly higher for 
plots under the canopy compared with plots outside the canopy. In 2014/15, the residue yield 
in plots under 8- and 15-year old trees was 4-8 times higher than outside canopy. Although 
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the residue yield reduced in plots under 15-year old trees in 2015/16, this was still 6-times 
higher than outside the canopy (Table 2.4). There was a reduction in the residue yield under 
22-year old Faidherbia trees in 2015/16 compared with 2014/15, but the yield was still 13-
times higher than outside the canopy (Table 2.4). 
 
Table 2.4. Average maize grain and crop residue yield (average±SE, n=3) for 2014/15 and 2015/16 
agricultural seasons.  
Site 2014/15 Season 2015/16 Season 
 Grain yield Residue yield Grain yield Residue yield 
(t DM ha-1) 
GT     
Outside canopy 0.3±0.05 0.4±0.03 0.3±0.05 0.4±0.03 
8-year old trees 2.1±0.44 1.6±0.28 0.6±0.14 0.6±0.08 
Outside canopy 0.3±0.05 0.4±0.03 0.3±0.05 0.4±0.03 
15-year old trees 3.7±0.17 3.2±0.12 3.1±0.36 2.5±0.06 
KS     
Outside canopy 0.67±0.08 0.6±0.08 0.1±0.01 0.1±0.01 
22-year old trees 2.5±0.3 1.7±0.4 1.5±0.17 1.2±0.12 
 
2.4 Discussion 
Studies on litterfall patterns and quantity from Faidherbia trees in SSA are scarce. To the best 
of our knowledge, this is the first study to have a gradient in age class of the tree for 
determining litterfall pattern, nutrient deposition and effects on crop yields. Other studies on 
Faidherbia trees also do not mention the actual or estimated age of the trees and many 
describe the age of the trees subjectively as either ‘young’ or ‘mature’ making it difficult to 
compare the results. We nevertheless try to compare our results on litterfall pattern and 
quantity with results in literature from the few studies available. 
 
2.4.1 Seasonal litterfall pattern 
In general, Faidherbia trees have been reported to shed their leaves before the beginning of 
the rainy season (Wickens, 1969; Fagg, 2001; Wahl and Bland, 2013). In contrast, the study 
of Roupsard et al. (1999) in west Africa reported leaf shedding always started one month after 
the first rains. However, in our study, we observed litterfall before the start of rains and during 
the rainy season. In 2014/15 season, all the trees had dropped 100% of their leaves three 
months after the onset of the rains. However, this was not the case in 2015/16 season where 
91.5, 71.5 and 56% of litterfall dropped during the same period from 8-, 15-, and 22-year old 
trees, respectively. In contrast to the trees at the Chisamba site, 22-year old trees dropped 
more of their litter after the start of the rainy season. 
Litterfall from 8-year old trees peaked between October and November, comparable to the 
litterfall pattern observed by a study in Malawi by Phombeya (1999). Fifteen-year old tree’s 
litterfall peaked earlier than 8-year old trees, between September and October in both years, 
while litterfall from 22-year old trees peaked later than the trees in Chisamba, around 
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December-January in 2014/15 season and January-February in 2015/16 season. The period 
of peak litterfall at Kasisi in the 2014/15 season was similar to a study in Zimbabwe (Dunham, 
1989). Nevertheless, the litterfall patterns between the two study sites were different as trees 
in our study were completely leafless during most part of the rainy season whereas trees in 
Zimbabwe were reported to shed litter throughout the year. 
 
In all the three sites, a prolonged litterfall pattern was observed in 2015/16 season compared 
with 2014/15 season corresponding to less and more rainfall amounts, respectively. Roupsard 
et al. (1999) observed a more gradual distribution of litterfall from Faidherbia trees as rainfall 
became scarce. The FAO (1999) report also links litterfall from Faidherbia trees to the starting 
date, abundance and duration of rainfall. We can therefore speculate that this change in the 
litterfall pattern may be due to a change in rainfall amounts in 2015/16 season which resulted 
in trees varying the date to initiate leaf shedding and duration of trees being leafless. However, 
to confirm the correlation between low rainfall and litterfall pattern in Faidherbia trees, more 
observations over several years would be needed. The litterfall pattern from our study indicate 
that the Faidherbia trees start shedding leaves before the onset of the rains and are leafless 
during most part of the rainy season.  
 
An important distinction between litterfall collected over the two seasons at GT, was the 
significant reduction in litterfall quantity collected during 2015/16 season. Surprisingly, it was 
observed that trees at GT had already started shedding substantial amount of litter at the time 
of installing litter traps in August, three months before the start of the rains. The amount of 
litter shed at the time of litter trap installation was much higher for 15-year old trees compared 
to 8-year old trees. Thus, 15-year old trees should have had higher litter amounts than 8-year 
old trees in 2015/16 season. We do not know exactly why defoliation from these trees at this 
site started earlier than at the Kasisi site. However, Libert and Eyog-Matig (1996) in their study 
attributed the variation and duration of defoliation to pruning of the trees. This can be a 
possible explanation for the variation in litterfall for the 15-year old trees, as the trees were 
pruned in 2013. Even so, it still does not support the early litterfall from 8-year old trees which 
did not undergo any pruning. Therefore, we can only attribute this to rainfall variability as 
earlier mentioned. This again highlights how little is still understood about the phenology of 
Faidherbia trees. Given the crucial impact of the leaf shedding dynamics on the performance 
of the crop underneath the canopy, more investigations are needed to determine which 




2.4.2 Litterfall quantity, nutrient deposition and influence on soil nutrient status  
Only very few studies (Dunham, 1989; Jung, 1969; Phombeya, 1999) on litterfall quantity from 
Faidherbia have been conducted in SSA. Apart from Phombeya (1999), the other two studies 
do not indicate the actual or estimated age of the trees in their study. In our study, 22-year old 
trees dropped more than 3.7 t DM ha-1 litter in both seasons, comparable to 4.4 t DM ha-1 
reported for 25-year old trees in Malawi (Phombeya, 1999). Conversely, Dunham (1989) 
estimated less than 1 t DM ha-1 for trees in Zimbabwe compared to 1.6, 1.7 and 3.8 t DM ha-1 
as two-seasons average for 8-, 15- and 22-year-old trees in this study. This difference could 
be due the tree density (100 trees ha-1, at the Chisamba site and 10 m spaced trees at Kasisi 
site) was higher than the natural stand tree density for the study in Zimbabwe, probably 
resulting in higher litterfall in our study. Moreover, we collected litterfall from the traps bi-weekly 
while in Zimbabwe, litterfall was collected monthly, which could contribute to underestimating 
the quantity in the Zimbabwe study. Indeed, Faidherbia litterfall is known to decompose 
rapidly, therefore, long residence of litterfall in the traps is prone to losses through litter 
decomposition, next to losses by frequent wind gusts. 
 
Litterfall has been recognized as one of the primary processes responsible for the increase of 
fertility in soils under canopies of most trees (FAO, 1999). Tree species’ litter quality based on 
litter N content has been classified >1.5% N as high, 1-1.5% N as medium and <1% N as low 
(Jamaludheen and Kumar, 1999). Using N content and C:N ratio of litter as indicators of litter 
quality, litter from 8-year old trees could be considered of better quality than litter from 15- and 
22-year old trees. Based on the litter N content, Faidherbia litter from all the three sites can 
be classified as high quality. Nevertheless, no trend with age was observed with regards to N, 
P and K content of litter with the tree age. 
 
Apart from deposition through litterfall, trees in agroforestry systems can influence 
atmospheric nutrient deposition. Nutrients in the dust and aerosols may also contribute to 
nutrients in agroforestry systems through dry deposition (Schroth and Burkhardt, 2003). In 
terms of N deposition, 8- and 15-year old trees returned an average of 38 kg N ha-1 over both 
seasons, although this could have been higher under the latter had all the litter been collected 
in 2015/16 season. The average N deposition at GT is comparable to 41 kg N ha-1 returned 
by Faidherbia trees in Senegal (Jung, 1969). Twenty-two-year old trees returned more than 
80 kg N ha-1 in both 2014/15 and 2015/16 seasons, of which 21 and 33% was before the start 
of the rainy season in 2014/15 and 2015/16 seasons, respectively. The N deposition from 
litterfall of 22-year old trees is comparable to 86 kg N ha-1 reported in Malawian study by 
Phombeya (1999).  
37 
The concentration of P and K in litterfall is mostly influenced by soil nutrient status. These two 
nutrients are much more conservative in terms of leaching than N. Potassium is leached to a 
much smaller extent than N, and P is virtually completely preserved in soils not subject to 
erosion (Lehmann and Schroth, 2003). The main export of P and K from the nutrient cycle is 
through harvesting. Total P and K addition by litterfall in 2014/15 season also followed the 
same trend as for N in the order: 22>15>8-year old trees (Figure 2.5C and Figure 2.5D). The 
total P and K returned by trees in our study during the two seasons was lower compared with 
7 kg P ha-1 and 98 kg K ha-1 reported in Malawi by Phombeya (1999), probably because our 
soils were inherently low in P and K supply compared with these soils in Malawi.  
Nutrient deposition under Faidherbia trees could be higher than what we estimated in our 
study. This is because, we did not consider nutrient losses through leaching from leaves in 
the litter traps or canopy foliage, branches and stems during rains which may be important 
nutrient input under tree canopies (Amthor, 1986). 
 
In terms of nutrient addition for smallholder maize production in Zambia, Faidherbia trees 
would potentially provide between 34-83 kg N ha-1, 1.8-4.3 kg P ha-1 and 10-26 kg K ha-1 
nutrient from litterfall every growing season. Zambia’s national recommended application rate 
of chemical fertilizer for smallholder farmer maize production is 200 kg of basal fertilizer (NPK, 
10:20:10) and 200 kg top dressing fertilizer Urea (N, 46%) per hectare (Xu et al., 2009a), 
translating to 112 kg N, 17.5 kg P and 16.6 kg K per hectare. However, many smallholder 
farmers apply very little and in most cases, no fertilizer on their fields. Therefore, for 
smallholder farmers with 8-, 15- and 22-year old Faidherbia trees in their fields, NPK return 
from litter could potentially meet 30-71% N, 10-25% P and 60-100% K of the recommended 
application rate if litter was the sole source of nutrients. 
Soil organic carbon under the tree canopies at the three sites ranged from 1.1% to 2.2%. 
Lower SOC under 22-year old trees despite high C input from litterfall can be attributed to the 
carbon in sandy soils being less protected from microbial decomposition than in clay soil. The 
significantly higher total N in soils under the canopy can be attributed to the seasonal addition 
of N rich litter by Faidherbia trees. The C/N ratios of 9.8, 13.8 and 15.5 for soil from under 22-
, 8- and 15-year old trees are comparable to C/N ratio 11 and 13 reported by Umar et al. 
(2013) and Yengwe et al. (2017) under Faidherbia trees in Zambia, respectively. Low C/N 
ratios under the canopies are desirable because mineral N would be made more available 
upon decomposition of N rich SOM from the trees. The significantly high concentration of 
exchangeable K under the canopies is indicative of the tree’s role in effective nutrient cycling 
where leached nutrients may be recaptured by the deep roots and re-integrated back in the 
cycle. Indeed, rooting depths for Faidherbia trees have been recorded down to 7 m in 
Sudanese west Africa, 12 m in Malawi and as deep as 30 m in parklands in west Africa 
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(Phombeya et al., 1999; Roupsard et al., 1999). The tree’s extensive root depth of influence 
acts as a ‘safe-net’ against nutrient losses from the nutrient cycle. 
 
2.4.3 Maize grain and biomass yield 
The yield level of maize grain was consistently higher for plots under the canopy compared 
with plots outside the canopy for all sites. We ascribe this to litterfall input under the canopy 
which becomes a source of nutrients upon decomposition. But, other factors such as favorable 
microclimate, improved soil moisture retention, additional N from BNF and efficient nutrient 
cycling (Sileshi et al., 2008) all contribute to yield improvement under Faidherbia canopies. 
Maize grain yield for plots under the canopy in 2014/15 season ranged from 2 to 3.7 t ha-1 
comparable to yields obtained by other studies, e.g. Saka et al. (1994) who reported maize 
yield under the canopy of Faidherbia trees in Malawi to range between 2 to 3 t ha-1.  
 
The grain yield obtained for plots outside the canopy for this study were lower than the average 
yield of 1.2 to 1.5 t ha-1 reported in Zambia for fertilized maize (FAO 2016; Xu et al., 2009b). 
This is logical because we did not apply any fertilizer in our plots. In the present study, maize 
yield outside the canopy ranged from 0.1 to 0.7 t ha-1 for both seasons and are comparatively 
lower than other studies with unfertilized in Zambia (e.g. Phiri et al., 2003; Sileshi et al., 2008). 
However, the low yield levels of maize we obtained in our plots outside the canopy are not 
unique to this study only as others have also obtained grain yield of unfertilized maize ranging 
from as low as 0.03 to 1.8 t ha-1 (e.g. Kwesiga et al., 1999; Mafongoya et al., 2016). 
Often factors such as poor soil fertility status, moisture stress, late planting and weeding, pest 
and disease attack are identified to be responsible for yield loss in smallholder farming 
systems in SSA (Chianu et al., 2012). But, in our case all the agronomic practices such as 
planting and weeding were done timely. Moreover, in the 2014/15 season, rainfall was well 
distributed throughout the season, thus, the low grain yield in plots outside the canopies could 
be attributed largely to nutrient limitation as the soils could not meet the nutrient demand of 
the crop. In this area, total annual water in form of rainfall is mostly sufficient for growing crops. 
However, the distribution of rainfall is crucial for crop growth. In this agroecological, if yields 
are constrained by moisture stress, then this is mostly due to long dry spells and weather 
variability during critical maize growth stages. 
 
Generally, the grain yield was lower in all the sites in 2015/16 season compared with 2014/15 
season. The reduction in yield might be due to a combination of factors. Firstly, there was a 
decline in the total rainfall amounts in season 2015/16 compared with the 2014/15 season. 
Secondly, the distribution of rainfall was erratic: heavy rains were concentrated in three to six 
days of the rainy months with longer dry spells. Finally, termite damage on the crop also 
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contributed to decline in yield, especially in the 2015/16 agriculture season. Thus, the effect 
of moisture stress during the 2015/16 season was evident in most plots, especially outside the 
canopy. Consequently, the termite damage on maize was high in plots outside the canopy, 
due to water stress resulting from longer dry spells and low organic matter content (Famba et 
al., 2011; Sileshi et al., 2005). 
 
Interestingly, the maize yield reduction between the two seasons was much more severe in 
plots under the canopies of 8-year old trees compared with the older 15- and 22-year old trees. 
It could be suggested that 8-year old trees did not have an appreciable canopy area of 
influence making the soils under their canopies exposed to meteorological 
conditions/variability and severely reducing the yield in the drier season of 2015/16. Older 
trees’ canopies influence water retention locally, most likely because the high SOC improves 
water holding capacity thus acting as a buffer. Additionally, the deep rooting system of 
Faidherbia trees brings water up in drier seasons. The impact of SOC on many soil 
characteristics makes crop residue an essential source SOC in smallholder farmers’ fields if 
left in fields after crop harvest. Crop residue yields from plots under the canopies of Faidherbia 
trees were higher than plots outside the canopy. Crop residue increase of more than 36% was 
also found for plots under the Faidherbia canopy in Niger (Kho et al., 2001). 
 
Despite erratic rainfall and termite attack during 2015/16 growing season, average maize 
yields under the canopy of 15- and 22-year old trees were still higher than the national average 
yield of 1.2-1.5 t ha-1 obtained by most smallholder farmers in Zambia (Xu et al., 2009b). We 
would postulate that with declining soil fertility on smallholder farmers’ fields and high rainfall 
variability between seasons in Zambia, presence of Faidherbia trees could be used as climate 
change mitigation strategy against risk of frequent crop failure. 
 
2.5 Conclusions 
This is the first study that has estimated litterfall quantity and nutrient deposition from 
Faidherbia trees including an age class gradient of the tree. Faidherbia trees in our study 
began shedding their leaves before the onset of the rains. This litterfall pattern is desirable as 
there would be minimum shading under the canopy when the crop is small. Litterfall before 
the start of the rains ensures nutrient availability to crop upon litterfall decomposition under 
the canopy. The difference in litterfall patterns we observed between the two seasons 
indicates the need for more studies to understand and/or identify which environmental and 
anthropogenic factors may lead to variation in the time of leaf shedding by these trees. 
Considering the many problems faced by smallholder farmers such as high cost of chemical 
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fertilizers and inherently low soil fertility status, Faidherbia trees between the ages 8 and 22 
years old show the potential of returning substantial amounts of NPK for maize production 
under smallholder systems. The yield level of maize grain and biomass was consistently 
higher under the canopy compared with outside the canopy. This suggests that the presence 
of Faidherbia trees could potentially improve yield levels of maize on smallholder farmers’ 
fields, thereby ensuring food security in resource poor rural households even in drier years. 
Considering that the canopy effect is not restrict to nutrient inputs and mineralization alone, 
further studies on other effects (water and light) that may affect crop productivity are needed. 
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Chapter 3: Short- and long-term canopy effects on nitrogen 





The objective of this study was to assess the overall effects of Faidherbia trees on improving 
nitrogen (N) availability and the associated impacts on soil microbial communities. Soil 
samples (0-20 cm depth) were collected randomly under Faidherbia tree canopies of different 
ages and outside respective canopies. We amended soils from under the canopies with 
Faidherbia litter at a rate of 2.5 t ha-1, in a 12-week controlled incubation experiment including 
unamended controls, to study N mineralization and soil biological characteristics. Three 
replicates of each treatment were destructively sampled at a 14-day interval to measure 
mineral N, whereas microbial biomass carbon (MBC) and enzyme activities were measured 
before the start of the incubation experiment, and at 28 and 84 days of the incubation. 
Phospholipid fatty acids (PLFAs) were determined before and at the end of the incubation. 
Soils under the canopies had 50, 27, and 45% higher N mineralization rate, MBC, and 
dehydrogenase activity compared with outside the canopies, respectively. The potential N 
mineralized after twelve weeks from Faidherbia litter and SOM was 17-47 and 34-57 kg N ha-
1 under ≤22- and >35-year old trees, respectively. The addition of litter increased MB, enzyme 
activities and the abundance of PLFA biomarkers for gram-positive, gram-negative, 
actinobacteria and fungi relative to unamended soils. Principal component analysis (PCA) on 
PLFA data before addition of Faidherbia litter revealed different microbial community 
composition in clayey soils compared with sandy loam soils, and in soils under mature trees 
(>35 years) as compared with soils under young trees. Litter addition resulted in divergent 
microbial community composition in all soils by the end of the experiment. Although the canopy 
effect was much larger under mature trees, also young Faidherbia trees (8-22 years) on 
smallholder farmers’ field contribute significantly to improving N availability and soil quality 
under the canopy. Nitrogen availability and improved biological soil quality under Faidherbia 
canopies results from a combined short-term seasonal litterfall and long-term soil modification 








Most soils in SSA are inherently nitrogen-poor among other limiting plant nutrients such as 
phosphorus. Chemical N fertilizers are available on the market, but the high cost of the 
commodity means many resource-poor smallholder farmer cannot afford it, leading to little or 
no application of fertilizer on the fields (Chianu et al., 2012). This has resulted in continued 
low crop yields, exacerbating food insecurity among rural households. Agroforestry is 
recommended increasingly as a low-cost alternative to replenish soil fertility on resource-poor 
smallholder farmers’ fields. Trees in agroforestry – such as Faidherbia – have shown the 
potential to supply part of the N required by crops grown under the canopies (Teklay and 
Malmer, 2004; Yengwe et al., 2017). Apart from enhancing soil fertility through litterfall 
decomposition and subsequent nutrient release, Faidherbia trees also fix N biologically and 
are reported to improve nutrient cycling and soil quality under their canopies (Akinnifesi et al., 
2010; Teklay and Malmer, 2004). 
 
The decomposition rate and subsequent N release is influenced by biotic and abiotic factors, 
litter quality being one of those key factors (Gnankambary et al., 2008). Measuring the process 
of N mineralization is important in quantifying the potential of SOM or organic amendments to 
supply N, and impact on soil functions (Haney et al., 2004). In this study, we wanted to assess 
the overall effects of Faidherbia trees on improving N availability (and the associated impacts 
on soil microbial communities) by splitting this up in its two main components: (1) the long-
term (canopy) effect, which is because of long-term soil modification under the tree canopy, 
and (2) the short-term (litterfall) effect, which is the seasonal or yearly addition of N-rich litter, 
that releases N and other nutrients upon decomposition. In low-input systems where the N 
supplied by Faidherbia trees has been demonstrated to have a substantial influence on crop 
growth, understanding N mineralization is vital in managing the short- and long-term N 
availability. 
 
The use of litter as a source of nutrients especially in smallholder agriculture systems in 
Zambia is a valuable way to sustain SOM content, and thus enhancing soil quality. Soil 
microorganisms which may serve as both source and sink of N, are the basic mediators of 
decomposition of this litter and to a large extent are responsible for nutrient cycling (Moeskops, 
2010). Many researchers suggest using MBC, soil microbial community composition and 
enzymes activity as indexes of biological soil quality. An increase in size of microbial biomass, 
and increases in activities of dehydrogenase (which is often used as a measure of aerobic 
microbial activity) (Alef and Nannipieri, 1995) and β-glucosaminidase (N-Acetyl-β-D-
glucosaminidase) (which is an important enzyme in both C and N cycling in soils) (Parham 
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and Deng, 2000), are considered important indicators for improved soil quality (Anderson and 
Domsch, 1990; Moeskops, 2010; Yadav et al., 2011). So far, studies on Faidherbia trees 
mainly compared the soil chemical characteristics and to a lesser extent physical 
characteristics under the canopy vs. outside the canopy of mature trees (Kamara and Haque, 
1992; Phombeya, 1999; Saka et al., 1994; Umar et al., 2013), but little or no attention has 
been given to biological soil indicators of nutrient cycling. 
 
Crop yields under the Faidherbia tree canopies have been reported to be 2-4 times higher 
compared with the yield outside canopies (Saka et al., 1994; Shitumbanuma, 2012). Because 
of these perceived benefits, many smallholder farmers are planting trees in their fields, hence 
there is an increase in the population of young Faidherbia trees (≤22 years old) on 
smallholders’ fields (Wahl and Bland, 2013), and information on the effects of young 
Faidherbia trees on soils is completely lacking. 
 
Given the above knowledge gaps in research on Faidherbia agroforestry systems, in this 
study, we examined N mineralization and (biological) soil quality using relevant indicators 
under different ages of Faidherbia trees in Zambia. We hypothesized that Faidherbia trees 
consistently increase N availability and improve biological soil quality (1) through a short-term 
leaf shedding effect, and (2) through a long-term canopy effect. We tested these hypotheses 
by conducting controlled incubation experiments to determine the effect of Faidherbia litter 
addition on N mineralization, MBC, soil microbial communities and soil enzyme activities. In 
addition, to determine the long-term canopy effect, we compared N mineralization, MBC, soil 
microbial communities and enzyme activities of soil samples from under the canopy of 
Faidherbia with those from outside the same canopy. 
 
3.2 Materials and methods 
3.2.1 Site description and soil sampling 
Soil and leaf litter samples from fields with Faidherbia trees of different ages were collected 
from five selected locations in Zambia namely: Chisamba-Golden valley agricultural research 
trust (GT) of the Central Province; Chongwe (CH) and Kasisi-Kasisi agricultural training center 
(KS) of the Lusaka Province; and Magoye (MG) and Monze (MZ) of the Southern Province of 
Zambia (Figure 1.5). Using the soil map of Zambia, the reference soil groups of the locations 
are: Phaeozems at GT, Acrisols at CH, KS and MG, and Alisols at MZ (Figure 1.6). The criteria 
for field selection and soil sample collection were as described in Chapter 2. The tree age at 
the sites were as follows: CH had Faidherbia trees of 8 and >35 years, KS of 22 years, GT of 
8 and 15 years, MG of >35 years, and MZ of 11 and >35 years. Faidherbia trees in CH, MG, 
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and MZ were of a natural stand thus, the distance between trees varied. Faidherbia trees in 
GT were planted in a grid of 10 m x 10 m, whereas in KS trees were planted as hedge trees 
with an average within-hedge distance of 10 m. Except for the KS site which was fallow prior 
to soil sampling, the other sites had maize as a crop on the field in the 2013/2014 growing 
season. 
We used senesced litter which was collected using litter traps under the canopies of 
Faidherbia trees. The litter was oven-dried at 65°C to a constant weight. The foliar litter was 
manually separated from non-foliar (mainly pods and twigs). Only foliar litter was used as an 
amendment in the incubation experiment and for further analysis. 
The soil texture, pH, and total C and N of soil and litter were determined according to the 
methods described in Chapter 2. 
 
3.2.2 Experimental setup and treatments 
To minimize MB disturbance, we did not sieve the air-dried soil samples used in the incubation 
experiment, but instead visible roots and stones were manually removed. The soil samples 
were pre-incubated for seven days to reinitiate microbial activity. An equivalent of 200 g dry 
soil was mixed thoroughly with unground Faidherbia litter (C/N ratio of 19.4 and 2.3% N of dry 
matter) at a rate of 2.5 t ha-1 on a surface area basis. The litter load was based on the average 
litterfall estimated from Faidherbia trees between 8 and 22 years old (Chapter 2). Soils from 
outside the tree canopies and controls from under the canopies were left unamended. The 
unamended soils and soil-litter mixtures were put into PVC tubes (height = 18 cm and diameter 
= 4.6 cm), compacted to a bulk density of 1.4 Mg m-3, and moistened to 50 % water filled pore 
space (WFPS) as described in De Neve and Hofman (2000) (corresponding to adding 0.42 g 
litterfall per tube). The tubes were covered with gas permeable parafilm, which was pin-holed 
to ensure adequate air exchange, and finally incubated at 27°C for 84 days. We incubated a 
total of 414 samples (8 sites: under canopy – 3 amended and 3 unamended; outside canopy 
– 3 unamended; with 6 sampling times [GT site had one control for both 8- and 15-year old 
trees]). Thus, we had three treatments (soil under canopy+litter, soil under the canopy, and 
unamended soil outside the canopy) per site in triplicates. The moisture content was kept 
constant during the incubation period by regularly weighing the tubes, and if needed, by adding 
demineralized water equivalent to the amount lost. Three replicates of each treatment were 
destructively sampled at a 14-day interval over a period of 84 days to determine mineral N, 
while MBC and dehydrogenase activity were measured at day 0, 28 and 84 of the incubation. 
Phospholipid fatty acids (PLFAs) were determined at the start and end of the incubation (day 




3.2.2.1 Microbial biomass and community composition 
Microbial biomass was determined using the fumigation-extraction technique (Vance et al., 
1987). Briefly, 30 g of fresh soil was weighed in duplicate. One set was fumigated with alcohol-
free chloroform in a vacuumed desiccator for 24 h. The chloroform in the desiccator was 
removed, and all the remaining chloroform vapour completely removed by repeatedly 
evacuating the air in the desiccator. Both the fumigated and unfumigated samples were 
extracted with 60 ml 0.5 M K2SO4 after shaking for 1 h. Total organic carbon contents of the 
extracts were determined with a TOC analyser (TOC-VCPN, Shimadzu Corp., Kyoto, Japan). 
MBC was calculated as the difference of TOC content between fumigated and non-fumigated, 
using an extraction efficiency coefficient KEC 0.45 (Joergensen, 1996). 
 
For the extraction of PLFAs, we used a modified Bligh and Dyer technique (1959) and changes 
in the structure of the microbial community were based on microbial membrane PLFA following 
a procedure explained in detail by Moeskops et al. (2010) and Buchan et al. (2012). Briefly, 
total lipids were extracted from about two grams of freeze-dried soil with 3.6 ml phosphate 
buffer (P-Buffer) pH 7.0, 4 ml chloroform, and 8 ml methanol. The extracted lipids were dried 
with N2 gas and separated into three lipid classes using Solid Phase Extraction (SPE) 
cartridges (Chromabond, Macherey-Nagel GmbH, Düren, Germany). We collected the 
phospholipids in methanol for further analysis while discarding the neutral and glycolipids. Mild 
alkaline methanolysis was used to transform phospholipids into fatty acid methyl esters 
(FAMEs) and dried with N2. The FAMEs were re-dissolved in hexane containing nonadecanoic 
acid methyl ester (C19:0) as an internal standard FAME, and FAMEs were identified and 
quantified by a GC-MS on a Thermo Focus GC coupled to a Thermo DSQ quadrupole MS 
(Thermo Fisher Scientific Inc., Waltham, USA) in the electron ionization mode. 
 
The sums of biomarker PLFA concentrations for selected microbial groups were calculated as 
follows: Gram-positive bacteria as the sum of i14:0, i15:0, a15:0, i16:0, a16:0, i17:0 and a17:0; 
Gram-negative bacteria as the sum of cy17:0, cyC17:0 and cyC19. The total bacterial 
community was taken as the sum of Gram-positive and Gram-negative markers in addition to 
15:0 and 17:0. The sum of 10-methyl branched saturated fatty acids was taken to represent 
actinobacteria (Frostegård et al., 1996; Moeskops et al., 2010). Biomarker 18:1ω9c an 
alternative to 18:2ω6,9c was used as fungi marker (Buchan et al., 2013; Joergensen and 
Wichern, 2008; Kozdrój and van Elsas, 2001). The signature fatty acid 16:1ω5 was used for 
arbuscular mycorrhizal fungi (AMF); the signature fatty acids 20:4 and 20:5 were used for 
protozoa (Kozdrój and Van Elsas, 2001). The bacterial:fungal (B:F) ratio assumed to be linked 
to the relative proportions of readily degradable and more recalcitrant substrate in organic 
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materials (Moeskops et al., 2012), was calculated as the sum of the total bacterial marker fatty 
acids divided by the fungal marker fatty acids. 
 
3.2.2.2 Enzyme activities 
Determination of dehydrogenase activity was done following a procedure by Casida et al. 
(1964). All measurements were conducted in triplicate with one blank, and the extraction was 
done in the dark. Five grams of fresh soil was weighed into glass vials, and 2 ml of 3% 
Triphenyl tetrazolium Chloride (TTC) substrate and 2 ml of Tris-buffer pH 7.8 were added, and 
incubated for 24 h at 37°C. For controls, TTC was not added, instead 4 ml of Tris-buffer was 
added. Twenty milliliters of methanol was added to the vials and placed on a linear shaker 
(125 rpm) for 2 h. The contents were then filtered through Whatman No. 5 filter paper. To 
extract all triphenyl formazan (TPF), the remaining soil in vials and on filter paper was washed 
twice with methanol. The volume was made up to 50 ml with methanol. The color intensity of 
the filtrate was measured using a Cary 50 UV-Visible spectrophotometer (Varian Inc., Palo 
Alto, USA) at 485 nm wavelength. 
 
β-glucosaminidase activity was determined according to the procedure by Parham and Deng 
(2000). Briefly, 4 ml acetate buffer (pH 5.5) and 1 ml of p-nitrophenyl-N-acetyl-β-D-
glucosaminide (PNNAG) were added to glass vials containing 1 g moist soil. The contents 
were thoroughly mixed and incubated at 37°C for 1 h. After incubation, 1 ml of CaCl2 and 4 ml 
of Tris buffer pH 12 were added. For the controls, 1 ml of PNNAG was added after incubation. 
The contents were then filtered with Whatman No. 5 filter paper and color intensity was 
measured at wavelength 405 nm using a Cary 50 UV-Visible spectrophotometer (Varian Inc., 
Palo Alto, USA). 
 
3.2.2.3 Nitrogen mineralization 





) at 14-day intervals during the incubation experiment. Twenty grams of fresh soil 
was extracted with 100 ml 1M KCl and filtered after shaking for 1 h. The mineral N in the filtrate 
was measured colorimetrically with a continuous flow auto analyzer (Chem-Lab 4, Skalar 223 
Analytical, Breda, The Netherlands). 
 
3.2.3 Data analysis 
The N mineralization data was fitted with a zero-order model (Nmin = N0 + k*t), where Nmin is 
the N mineralized (mg N kg-1) at time t (days), N0 the initial soil mineral N concentration (mg 
N kg-1) and k the zero-order mineralization rate (mg N kg-1 soil day-1). Net N mineralized from 
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litter (Nnet,min,litter) was calculated as the difference between mineral N from amended and 
unamended soils under the canopy. Net N mineralized due to the canopy effect (Nnet,min,canopy) 
was calculated as N concentration at final date of the incubation minus initial N concentration 
at the start of the incubation for soils from under the canopy. 
A Linear Mixed-Effects model followed by Bonferroni pairwise comparisons on the fixed effects 
(treatment with three levels: under canopy+litter, under canopy, and outside canopy) was fitted 
to soil chemical properties, N mineralized, MBC, dehydrogenase activity, β-glucosaminidase 
activity and PLFA biomarkers data. Since measurements for MBC, dehydrogenase activity, β-
glucosaminidase activity and PLFA biomarkers were repeated during the incubation, time was 
used as a covariate in the model (i.e. 0, 28 and 84 days for MBC and dehydrogenase; 0 and 
28 days for β-glucosaminidase activity; and 0 and 84 days for PLFA biomarkers). This model 
was used to account for correlations among observations within the site and variability 
between sites (Cunnings and Finlayson, 2016). Treatment was taken as a fixed effect, while 
site was taken as a random effect because the sites are representative of a sample rather 
than the whole population of sites with Faidherbia trees. Pearson correlation analysis was 
performed to determine if any relationship existed between age of the Faidherbia tree and the 
soil chemical parameters, the soil biological parameters and the amount of N mineralized.  
PLFA data was further analyzed using principal component analysis (PCA) on individual 
FAMEs concentration (nmol g-1 soil) based on the correlation matrix. The sampling adequacy 
for the reliability of PCA results was determined by the Kaiser-Meyer-Olkin test, and the 
presence of correlation between each variable was checked. Orthogonal rotation (Varimax) 
was applied, and loadings less than 0.4 were not included in the PC matrix to make the 
interpretation easier. Mean scores were calculated based on the scores of each sample for 
the first principal component (PC1) and second principal component (PC2) and were plotted 
for each treatment.  
Statistical significance was judged at the 5% significance level. All the statistical analyses were 
conducted using IBM SPSS statistics 20 (SPSS Inc., Chicago, USA).  
 
3.3 Results 
3.3.1 Soil nutrient status under and outside Faidherbia tree canopies 
The soil pH was acidic for all the sites (Table 3.1). The soil pH under the canopy was not 
significantly different (p=0.192) to outside the canopy. In general, the total N concentration 
was 27% higher in soils under the canopy compared with outside the canopy (p=0.002). Soil 
organic carbon (SOC) content was 1.2-1.5 times higher in soils under the canopy compared 
with outside the canopy (Table 3.1). The soils from under the canopy tended to have lower 
C/N ratios than outside the canopy, but the difference was not significant. 
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Table 3.1. Soil characteristics outside (O) and under (U) the canopy of Faidherbia trees (average ± SE; n=3). 
Notes: GT8 and 15 = Chisamba with 8- and 15-year old trees, respectively; KS22 = Kasisi with 22-year-old trees; CH8 and >35 
= Chongwe with 8- and >35-year old trees, respectively; MZ11 and >35 = Monze with 11- and >35-year old trees, respectively; 
MG>35 = Magoye with >35-year old trees. 
 
3.3.2 Nitrogen mineralization 
The N mineralization rate of unamended soils under the canopy were 50% significantly higher 
(both p<0.05) compared with outside the canopy. There was a noticeable pattern of periodic 
immobilization and remineralization in all soils following Faidherbia litter addition (Figure 3.1). 
Overall, the addition of Faidherbia litter increased N released and mineralization rate by 36% 
compared with unamended soils (Table 3.2). 
The soil from GT8 and MG>35 sites had lowest and highest amounts of N released of 7.3 and 
42.3 mg N kg-1 soil from native SOM, respectively, over the incubation period (Table 3.3). Net 
N mineralized from Faidherbia litter ranged from 4.4 to 19.6 mg N kg-1 soil, whereas net N 
immobilization of 4.5 mg N kg-1 soil was observed for soil from the GT15 site. The percentage 
N mineralized from Faidherbia litter was highest in CH>35 with 41%, whereas the percentage 
of N mineralized from native SOM ranged from 0.4 to 3.2% of total N (Table 3.3). The N 
contribution from SOM mineralization was nearly 90% of the total N released under >35-year 
old trees except for CH>35 site where the contribution was 30%. The N released from SOM 
under young Faidherbia trees contributed between 44% and 73% to the overall N 
mineralization. The site GT15 was exceptional compared with other sites, all (100%) the total 
N mineralized came from SOM because of the net N immobilization in the Faidherbia litter 
amended soil. 
Site  Coordinates pH-KCl 
(-) 















GT8O S 14° 57’ 
E 28° 06’ 
4.61±0.01 0.10±0.00  1.52±0.04 15.57±0.22 
31.4 20.1 48.5 Clay 
GT8U  4.23±0.16 0.12±0.01 1.71±0.16 13.88±0.27 
GT15O 4.61±0.01 0.10±0.00  1.52±0.04 15.57±0.22 
34.9 18.7 46.4 Clay 
GT15U 4.63±0.10 0.14±0.00 2.20±0.14 15.50±0.72 
KS22O S 15° 14’ 
E 28° 29’ 
4.41±0.01 0.06±0.00 0.74±0.01 12.06±0.67 
55.1 26.8 18.1 
Sandy 
loam KS22U 5.19±0.06 0.11±0.01 1.05±0.01   9.79±0.35 
CH8O S 15° 28’ 
E 28° 08’ 
4.76±0.00 0.11±0.00 1.31±0.02 12.20±0.09 
41.9 38.0 20.1 Loam 
CH8U 4.67±0.12 0.11±0.00 1.43±0.11 12.55±0.40 
CH>35O S 15° 22’ 
E 28° 14’ 
5.06±0.00 0.13±0.00 2.02±0.00 15.70±0.24 
22.0 27.9 50.1 Clay 
CH>35U 4.95±0.10 0.18±0.01 2.45±0.15 13.94±0.14 
MZ>35O S 16° 15’ 
E 27° 33’ 
4.82±0.01 0.10±0.00 1.02±0.02 10.07±0.14 
62.0 19.9 18.1 
Sandy 
loam MZ>35U 5.59±0.14 0.11±0.00 1.19±0.07 10.45±0.47 
MZ11O 5.09±0.01 0.08±0.00 0.65±0.02   8.22±0.23   
70.7 13.3 16.0 
Sandy 
loam MZ11U 5.20±0.19 0.09±0.01 0.79±0.03   8.65±0.43 
MG>35O  S 16° 05’ 
E 27° 43’ 
4.76±0.00 0.09±0.01 0.77±0.01   8.60±0.39 
54.0 32.0 14.0 
Sandy 





Figure 3.1. Evolution of mineral N concentration from unamended soil from outside the canopy (Outside), unamended soil from under the canopy (Under), and 
soil from under the canopy amended with Faidherbia litter (Under+amend) during an 84-day incubation experiment. GT8 and 15 = Chisamba with 8- and 15-
year old trees, respectively; KS22 = Kasisi with 22-year old trees; CH8 and >35 = Chongwe with 8- and >35-year old trees, respectively; MZ11 and >35 = 




Table 3.2. Nitrogen mineralization rate and net N mineralized (average ± SE; n=3) in soils with and without 
Faidherbia litter amendments during an 84-day incubation experiment. 
 Site 
 GT8 GT15 KS22 CH8 CH>35 MZ>35 MZ11 MG>35 
Treatment Mineralization rate, k (mg N kg-1 soil day-1) 
O 0.04±0.04 0.04±0.04 0.13±0.01 0.14±0.01 0.09±0.02 0.45±0.03 0.22±0.02 0.20±0.02 
U 0.09±0.03 0.16±0.04 0.21±0.06 0.17±0.04 0.10±0.18 0.50±0.02 0.30±0.03 0.44±0.05 
U+L 0.20±0.02 0.11±0.07 0.29±0.02 0.23±0.03 0.33±0.08 0.56±0.20 0.46±0.04 0.50±0.03 
 N mineralized (mg N kg-1 soil) 
O   3.5±3.6   3.5±3.6 11.0±2.0 12.1±1.4   7.4±2.0 37.7±2.4 18.8±2.0 16.6±1.9 
U   7.3±2.4 13.8±3.2 17.8±4.7 14.1±3.3   8.4±15.4 42.8±1.5 24.9±2.1 37.3±3.8 
U+L 16.7±1.6   9.3±5.8 24.6±2.0 19.2±2.5 27.9±6.4 47.6±2.4 38.7±3.3 41.7±2.2 
Notes: N mineralized calculated as N concentration at final date of the incubation minus initial N concentration at the start of the 
incubation. Soils from outside the canopy of Faidherbia tree (O), soils from under the canopy of Faidherbia tree (U), and soils 
from under the canopy of Faidherbia trees amended with Faidherbia litter (U+L). 
 
 
Table 3.3. Net N released (average ± SE; n=3) from Faidherbia litter (Nnet min litter) and native SOM (Nnet 
min canopy). 
 Site 
 GT8 GT15 KS22 CH8 CH>35 MZ>35 MZ11 MG>35 
 Net N mineralized (kg N ha-1) 
Litter 11.2±1.5  -5.4±5.6   8.2±3.4   6.2±1.7 23.6±18.5   6.4±4.1 16.6±1.4   5.2±2.7 
Canopy   8.8±2.9 16.6±3.8 21.4±5.6 16.9±4.0 10.0±18.5 50.9±1.8 30.0±2.6 44.9±4.6 
 N mineralized (%) 
Litter 19.6±2.6  -9.4±9.7 14.2±6.0 10.8±2.9 41.0±32.1 11.1±7.1 28.9±2.5 9.1±4.7 
Canopy   0.6±0.2   1.0±0.2   1.6±0.4   1.3±0.3   0.4±0.9   3.7±0.1   2.8±0.4 3.2±0.3 
Notes: Nnet min litter = difference between N concentration from Faidherbia litter amended and unamended soils from under 
the canopy. Nnet min canopy = difference between N concentration at the end and start of the incubation for soils from under the 
canopy. 
 
3.3.3 Soil microbial biomass and enzymes activity 
In unamended soils, the MBC in soils from under the canopies was 27% higher compared to 
soils from outside the canopies, except in soils from GT8, GT15, CH8 and MZ>35 sites, where 
no difference was observed. The effect of time on MBC content was significant. Generally, 
MBC in unamended soils declined in the first 28 days of incubation for all sites. Adding 
Faidherbia litter to soils consistently increased MBC during the incubation by 32% compared 
to unamended soils (Figure 3.2). 
 
Dehydrogenase activity was 1.4 times significantly higher in unamended soils from under the 
canopies compared to outside the canopies, except for GT8, GT15 and MZ>35 sites. 
Dehydrogenase activity declined in all unamended soils after 28 days of incubation, except for 
soil from GT8 and GT15 sites. Soils amended with Faidherbia litter had nearly double 
dehydrogenase activity during the incubation period compared with unamended soils from 






Figure 3.2. Evolution of MBC (µg C g-1 soil) during an 84-day incubation experiment. Outside - soil collected from outside the canopy; Under - soil from under the 
canopy; and Under+amend - soil from under the canopy amended with Faidherbia litter. GT8 and 15 = Chisamba with 8- and 15-year old trees, respectively; KS22 = 
Kasisi with 22-year old trees; CH8 and >35 = Chongwe with 8- and >35-year old trees, respectively; MZ11 and >35 = Monze with 11- and >35-year old trees, 




Figure 3.3. Dehydrogenase activity (µg TPF g-1 soil) in soils from different ages of Faidherbia trees during an 84-day incubation experiment. Outside - soil from 
outside the canopy; Under - soil from under the canopy and Under+amend - soil from under the canopy amended with Faidherbia litter. GT8 and 15 = Chisamba 
with 8- and 15-year old trees, respectively; KS22 = Kasisi with 22-year old trees; CH8 and >35 = Chongwe with 8- and >35-year old trees, respectively; MZ11 
and >35 = Monze with 11- and >35-year old trees, respectively; MG>35 = Magoye with >35-year old trees. The error bars indicate standard error of mean (n=3). 
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The β-glucosaminidase activity tended to be higher in unamended soils under the canopy 
compared with soils outside the canopy, although not significantly. The β-glucosaminidase 
activity was 1.7 times significantly higher in Faidherbia litter amended soils compared with 




Figure 3.4. N-acetyl-beta-D-glucosaminidase (NAG) activity (µg PNP g-1 soil) at days 0 and 28 of 
incubation. Outside - soil from outside the canopy; Under - soil from under the canopy and 
Under+amend - soil from under the canopy amended with litter. GT8 and 15 = Chisamba with 8- and 
15-year old trees, respectively; KS22 = Kasisi with 22-year old trees; CH8 and >35 = Chongwe with 8- 
and >35-year old trees, respectively; MZ11 and >35 = Monze with 11- and >35-year old trees, 
respectively; MG>35 = Magoye with >35-year old trees. The error bars indicate standard error of mean 
(n=3).  
 
3.3.4 Phospholipid fatty acids profiles 
The concentration of the total PLFAs 12% higher in soils under the canopies compared with 
soils outside the canopies, but not significantly. Total PLFA concentration was significantly 
higher at the end compared to before incubation, except in soils from MZ>35 and MG>35 sites 
(Table 3.4). Likewise, individual PLFA biomarkers gram-positive bacteria, actinobacteria and 
fungi all tended to higher in unamended soils from under compared with outside the canopies, 
the difference was not significant (Table 3.4). In contrast, the concentration of biomarkers 
gram-negative bacteria and AMF in unamended soils from under the canopies was 21 and 
36% significantly higher than in soils from outside the canopies, respectively. The B:F ratio 
was 1.2 times significantly higher in soils under the canopies compared to outside the 
canopies. Faidherbia litter addition tended to increase the abundance of all individual PLFA 
biomarkers, but not significantly. The proportion of gram-positive bacteria contribution to total 
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PLFA in all soils following Faidherbia litter addition was larger compared with other 
biomarkers. We did not observe a specific trend in B:F ratio resulting from Faidherbia litter 
amendment. In some soils adding Faidherbia litter increased the B:F ratio, but decreased it in 
others (Table 3.4). 
 
Table 3.4. Total PLFAs concentration (nmol g-1 soil) (average ± SE; n=3) in outside and under canopy 
soil at start of incubation (0 days.), and in outside (O), under (U) and amended under canopy soils (U+L) 
at the end laboratory incubation (84 days). 
Note: GT8 and 15 = Chisamba with 8- and 15-year old trees, respectively; KS22 = Kasisi with 22-year old trees; 
CH8 and >35 = Chongwe with 8- and >35-year old trees, respectively; MZ11 and >35 = Monze with 11- and >35-
year old trees, respectively; MG>35 = Magoye with >35-year old trees. 
 
Principal component analysis showed that 38.6% of the total variation explained by the first 
principal component (PC1), fairly separated samples based on their clay content regardless 
of whether a sample is from under or outside the canopy, i.e. the 3 soils with >46% from the 
other soils with <21% clay content (Figure3.5). PC1 was uniformly and significantly correlated 
to most biomarker PLFAs of each major microbial group (Appendix 1a). The second principal 
component (PC2), explaining 33.0% of the total variation, fairly separated samples based on 





Gram+ Gram- Actino Fungi AMF B:F ratio 
GT8 0 O 12.67±0.57 2.56±0.04 1.04±0.02 2.02±0.08 2.32±0.25 0.32±0.02 1.69±0.17 
U 7.37±1.91 1.20±0.34 0.83±0.18 1.02±0.41 1.21±0.20 0.13±0.05 1.74±0.17 
84 O 17.11±1.22 5.08±0.37 1.16±0.11 2.13±0.12 1.99±0.12 0.38±0.02 3.30±0.08 
U 12.25±1.30 3.53±0.34 1.07±0.10 1.56±0.13 1.04±0.08 0.23±0.04 4.65±0.09 
U+L 15.03±1.19 4.27±0.46 1.26±0.17 1.73±0.15 1.26±0.05 0.28±0.09 4.70±0.61 
GT15 0 O 12.67±0.57 2.56±0.04 1.04±0.02 2.02±0.08 2.32±0.25 0.32±0.02 1.69±0.17 
U 9.99±0.80 1.51±0.19 0.93±0.22 1.39±0.20 1.80±0.35 0.28±0.04 1.67±0.59 
84 O 17.11±1.22 5.08±0.37 1.16±0.11 2.13±0.12 1.99±0.12 0.38±0.02 3.30±0.08 
U 17.81±2.05 5.08±0.67 1.54±0.28 2.01±0.25 1.59±0.07 0.49±0.10 4.42±0.81 
U+L 20.35±2.71 5.68±0.91 1.56±0.29 2.30±0.22 1.80±0.15 0.44±0.08 4.27±0.67 
KS22 0 O 7.85±2.56 1.88±0.96 0.81±0.15 1.00±0.16 0.92±0.14 0.21±0.08 2.87±0.81 
U 8.19±1.17 1.50±0.26 0.97±0.10 1.16±0.18 1.11±0.13 0.29±0.04 2.36±0.23 
84 O 9.47±0.07 2.72±0.19 0.79±0.03 0.99±0.09 0.86±0.04 0.30±0.02 4.36±0.43 
U 10.82±1.85 3.06±0.52 0.92±0.19 1.12±0.24 0.99±0.10 0.43±0.09 4.16±0.44 
U+L 14.69±1.66 4.09±0.54 1.23±0.11 1.46±0.19 1.16±0.12 0.53±0.04 4.79±0.19 
CH8 0 O 8.71±0.97 2.03±0.24 0.82±0.12 1.30±0.11 1.06±0.07 0.34±0.04 2.82±0.19 
U 8.59±1.26 1.69±0.44 0.94±0.13 1.30±0.29 1.11±0.22 0.25±0.01 2.52±0.40 
84 O 12.29±0.11 3.82±0.12 0.90±0.03 1.34±0.04 1.10±0.06 0.45±0.02 4.51±0.32 
U 13.49±2.33 4.29±0.85 1.01±0.18 1.52±0.34 1.06±0.15 0.41±0.08 5.12±0.30 
U+L 17.40±0.97 5.31±0.43 1.37±0.05 1.83±0.17 1.35±0.14 0.44±0.03 5.23±0.18 
CH>35 0 O 14.94±1.36 4.10±0.47 1.16±0.22 1.78±0.19 2.02±0.00 0.60±0.08 2.73±0.35 
U 18.82±1.72 4.87±0.48 2.01±0.15 2.59±0.24 1.87±0.25 0.65±0.08 3.90±0.19 
84 O 22.39±0.84 7.29±0.41 1.66±0.09 2.73±0.06 1.90±0.01 0.59±0.04 4.97±0.29 
U 32.76±3.10 10.71±1.11 3.27±0.27 3.93±0.54 1.89±0.26 0.85±0.06 7.89±0.60 
U+L 37.08±0.26 11.86±0.18 3.78±0.08 4.25±0.06 2.19±0.02 0.84±0.11 7.51±0.13 
MZ>35 0 O 14.91±2.46 4.08±0.84 1.60±0.32 1.60±0.28 0.88±0.03 0.59±0.11 6.73±1.27 
U 16.62±0.60 3.84±0.20 1.93±0.07 1.58±0.05 1.10±0.05 0.79±0.06 5.54±0.09 
84 O 13.30±0.22 3.64±0.15 1.18±0.04 1.28±0.07 1.04±0.01 0.36±0.02 4.97±0.18 
U 14.98±0.18 3.85±0.10 1.46±0.04 1.35±0.04 1.02±0.05 0.56±0.03 5.58±0.39 
U+L 15.01±2.22 4.14±0.62 1.36±0.28 1.28±0.25 1.02±0.10 0.64±0.10 5.73±0.70 
MZ11 0 O 9.18±0.56 1.91±0.08 0.84±0.08 0.84±0.07 0.96±0.03 0.41±0.04 3.01±0.15 
U 7.92±2.10 1.65±0.52 0.77±0.19 0.71±0.20 0.69±0.13 0.31±0.08 3.55±0.40 
84 O 8.70±0.77 1.94±0.16 0.58±0.05 0.71±0.02 0.73±0.01 0.28±0.05 3.71±0.14 
U 10.88±0.37 2.84±0.22 0.96±0.06 1.05±0.01 0.85±0.05 0.40±0.07 4.72±0.30 
U+L 10.28±0.37 2.35±0.43 0.87±0.13 0.87±0.10 0.92±0.10 0.42±0.10 3.67±0.26 
MG>35 0 O 7.15±0.75 1.80±0.20 0.60±0.07 0.72±0.09 0.68±0.03 0.23±0.04 3.68±0.28 
U 16.42±2.12 4.03±0.47 1.72±0.19 1.35±0.13 1.10±0.14 0.66±0.09 5.50±0.06 
84 O 7.13±0.27 1.73±0.16 0.58±0.02 0.73±0.03 0.67±0.02 0.18±0.02 3.68±0.26 
U 13.68±2.20 3.67±0.80 1.33±0.17 1.35±0.22 0.99±0.11 0.46±0.07 5.27±0.43 
U+L 15.00±2.01 3.73±0.61 1.48±0.19 1.37±0.17 1.03±0.12 0.57±0.14 5.36±0.18 
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3.5). PC2 was correlated mainly with gram-negative bacteria, actinobacteria, other bacteria, 
and unknown FAMEs and partly with gram-positive bacteria (Table 3.5). The PCA after 84 
days of incubation, showed PC1 explaining 61% of the total variation, clearly separated 
Faidherbia litter amended from unamended samples, regardless of the soil texture (Figure 
3.5). PC1 was uniformly and significantly correlated with most biomarker PLFAs of each major 
microbial group (Table 3.6). After 84 days, PC2 explaining 13.4% of the total variation, fairly 
segregated samples based on the clay content. PC2 was partly loaded with biomarkers gram-




Figure 3.5. Principal component scores after VARIMAX rotation of average PLFA values per treatment at 0 and 84 days of incubation. The correlation matrix is 
based on the concentration of individual FAMEs (nmol g-1 soil). The first and second principal components are given with the percentage of the total variance 
explained by each component indicated within parentheses on each axis. Unamended soil from under the canopy (U), unamended soil from outside canopy 
(O), and soils from under the canopy amended with Faidherbia litter (UL). GT8 and 15 = Chisamba with 8- and 15-year old trees, respectively; KS22 = Kasisi 
with 22-year old trees; CH8 and >35 = Chongwe with 8- and >35-year old trees, respectively; MZ11 and >35 = Monze with 11- and >35-year old trees, 
respectively; MG>35 = Magoye with >35-year old trees. 
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Table 3.5. Factor loadings for PC1 and PC2 at day 0, after orthogonal rotation (varimax) in principal 
component analysis 
Commonly used biomarkers Component  
 1 2 
Gram positive bacteria 
iC14:0 0.87 - 
aC15:0 0.87 - 
iC15:0 0.90 - 
aC16:0 0.82 - 
iC16:0 0.73 0.56 
aC17:0 - 0.95 
iC17:0 - 0.95 
Gram negative bacteria 
C16:1w7 0.80 0.50 
C16:1w5 0.83 0.44 
cy17:0 0.80 0.50 
cyC17:0 0.78 0.46 
cyC19:0 0.60 0.58 
C18:1w7 0.79 - 
C18:1w5 - 0.90 
Fungi 
C18:1w9c - 0.82 
C18:2w6c 0.77 - 
C18:3w3 0.80 - 
Actinomycetes 
10MeC:16 - 0.93 
10Me17:0 - 0.86 
10MeC:18 - 0.93 
Other bacteria 
C15:0 0.87 - 
C17:0 - 0.87 
C18:0 - 0.89 
Protozoa   
C20:4 0.59 - 
Unknown and general 
C8:0 - 0.42 
C14:0 0.94 - 
C16:0 0.91 - 
C18:1w9t - 0.60 
C20:0 - 0.88 
C22:0 0.56 - 
C24:0 0.79 - 
  
59 
Table 3.6. Factor loadings for PC1 and PC2 at 84 days, after orthogonal rotation (varimax) in principal 
component analysis 
Commonly used biomarkers Component  
 1 2 
Gram positive bacteria 
iC14:0 0.89 - 
aC15:0 0.91 - 
iC15:0 0.96 - 
aC16:0 - 0.42 
iC16:0 0.97 - 
aC17:0 0.97 - 
iC17:0 0.95 - 
Gram negative bacteria 
C16:1w7 0.74 0.48 
C16:1w5 0.65 0.52 
cy17:0 0.86 - 
cyC17:0 0.88 - 
cyC19:0 0.88 - 
C18:1w7 0.51 0.66 
C18:1w5 0.91 - 
Fungi 
C181w9c 0.88 - 
C18:2w6c 0.56 0.65 
C18:3w3 - 0.64 
Actinomycetes 
10MeC16 0.95 - 
10Me17:0 0.91 - 
10MeC18 0.97 - 
Other bacteria 
C15:0 0.93 - 
C17:0 0.90 - 
C18:0 0.95 - 
Protozoa   
C20:4 - 0.87 
Unknown and general 
C14:0 0.90 - 
C16:0 0.93 - 
C18:1w9t 0.69 - 
i19:0 0.80 - 
C20:0 0.94 - 




3.4.1 Influence of Faidherbia trees on soil characteristics 
The significantly higher total N and SOC in soils from under the canopy compared with soils 
from outside the canopy can be attributed to the seasonal (cumulative) addition of N-rich litter 
by Faidherbia trees. Moreover, increased crop residue input resulting from higher crop 
biomass yields under the canopy, also substantially contribute to higher SOC (Umar et al., 
2013). Conversely, low crop biomass production and high mineralization of plant residues in 
fields outside of Faidherbia tree influence may exacerbate the decline of SOC. No trend was 
observed in total N and SOC concentrations with age, which could be explained by the 
overriding influence of soil texture, but the difference in soil pH between under and outside the 
canopy was positively correlated (r=0.64) with the age of Faidherbia tree. Suggesting high 
organic matter input by older trees may increase soil pH because SOM offers many negatively 
charged sites to bind hydrogen ions. 
 
3.4.2 Nitrogen mineralization 
The mineralization rate was significantly higher in soils from under the canopy compared with 
outside the canopy, in line with the previous reports (e.g. Rhoades, 1995; Yengwe et al., 
2017). The higher N mineralization rate can be ascribed to the higher SOC and total N 
concentration in soils under the canopy compared with soils outside the canopy as a result of 
long term leaf litter addition.  
Apart from aboveground inputs by litterfall, the N mineralization from native SOM also includes 
the long-term contribution of belowground biomass (roots exudates, sloughed roots). Roots 
are an important part of total biomass, and its decay contributes to the improvement of soil 
chemical and physical characteristics (Albrecht and Kandji, 2003; Kenzo et al., 2009). 
Belowground C inputs have a great influence the SOC balance, largely due to its greater 
stabilization which is attributed to the inherent physical protection within soil aggregate of root-
derived C (Mazzilli et al., 2015). The high C from belowground biomass such as roots serve 
as an energy source for soil microorganism, which are vital in soil functions e.g. nutrient cycling 
(Ma et al., 2013). 
 
The N mineralized from native SOM increased from nearly 9 kg N ha-1 for 8-year old trees in 
GT to almost 51 kg N ha-1 for >35-year old trees in MZ, equivalent to 0.4-3.2% of total soil N. 
The percentage of N mineralized from soil N was higher in mature trees, except for CH>35 
soils which has higher clay content, indicating that SOM is more protected against 
mineralization in these soils compared with lighter soils. This is confirming existing knowledge 
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e.g. Ameloot et al. (2013) found an interaction between soil type and net N mineralization in 
their study. 
In twelve weeks, 10-51 kg N ha-1 was released from native SOM under >35-year old trees 
relative to 9-30 kg N ha-1 released under ≤22-year old trees. The relatively larger N released 
under canopies of mature compared to young trees could be attributed to a higher contribution 
to soil N through higher yearly leaf litterfall amounts from mature trees than under canopies of 
young trees. Still, the N released from native SOM under the canopies of young Faidherbia 
trees contributes substantially to the overall N availability in smallholder farmers’ fields, 
because this is significantly higher than N released from native SOM in soils outside the 
canopies. 
 
The N evolution pattern observed in the initial stages of the incubation indicates that 
Faidherbia litter addition stimulated rapid MB growth resulting in net N immobilization in the 
beginning of the incubation. This initially built up MB remained stable or reduced in the later 
stages of the incubation, resulting in the release of the initially immobilized N. Thus, in the later 
stages of the incubation, net N mineralization was observed in most soils except at GT15 site. 
The net N immobilization in soils from GT15 site was unexpected and we do not have a clear 
explanation for it. 
 
The average N released from added Faidherbia litter was equivalent to 6-17 and 5-24 kg N 
ha-1 in twelve weeks for ≤22- and >35-year old trees, respectively. It is important to take into 
account that not all this N released originates from the litter added but may be coming from 
native SOM also, resulting from increased decomposition due to a large microorganism build-
up in response to availability of substrate source known as the priming effect. Combining the 
short- and long-term N mineralization during the incubation period indicates that 17-47 and 
34-57 kg N ha-1 could potentially be supplied to plants under ≤22- and >35-year old trees, 
respectively. Moreover, the overall N released in our study would probably be higher if 
expressed over a longer growing period of almost 20 weeks, as is the case in Zambia.  
Averaging over the 8 sites, N mineralization from native SOM contributed 70% to overall N 
released, while 30% was from Faidherbia litter, demonstrating the significant influence of tree 
canopy on N availability in Faidherbia agroforestry systems. 
 
The yield level of maize on smallholder farms in Zambia is often <1.5 t ha-1 largely due to 
inherently poor soil fertility status, and costly chemical fertilizers that could remedy the 
undesirable situation (Chianu et al., 2012). Studies by Saka et al. (1994) and Shitumbanuma 
(2012) show that Faidherbia agroforestry systems could potentially increase maize yields to 
3-4 t ha-1. To put our results in this study into perspective, the total N uptake by maize 
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estimated in aboveground parts at harvesting in Zimbabwe was 33 and 61 kg N ha-1 
corresponding to grain yield of 1.5 and 4 t ha-1, respectively (Nyamangara et al., 2003). Thus, 
the overall N released in our study demonstrate that >22-year old Faidherbia trees could 
sustain maize yields of more than 1.5 t ha-1 and nearly 4 t ha-1 by mature trees. 
But, in many smallholder crop production systems in SSA, P is identified as one of the limiting 
nutrients (Nziguheba et al 2016). In Kenya, a yield reduction of 50% was attributed to P 
limitation (Kihara and Njoroge, 2013). Unlike N which can be fixed biologically, P supply is 
depends mainly on P fertilizers. With costly fertilizers, little or no P is applied, thus mining even 
the little that would be available in soils. Therefore, to increase and stabilize maize yield in 
smallholder farming systems in SSA, a balanced supply of both N and P is needed. 
 
3.4.3 Microbial biomass and enzyme activity  
The greater MBC content in unamended soils under canopies compared with outside the 
canopies reflects the response to high SOC due to a regular input of organic matter through 
litterfall from trees. Seemingly, MBC content in soils under the canopy is influenced by the 
time of soil modification by Faidherbia trees as was shown by a positive correlation (r=0.66, 
p<0.001) between MBC content and age of the Faidherbia tree. The increase in MBC by over 
32% following addition of Faidherbia litter indicates the rapid MB growth due to substrate 
availability perhaps indicating microbial communities’ preference towards a type of substrates; 
e.g. Abera et al. (2012) suggested that microorganism may prefer freshly applied substrate as 
a source of soil C, in contrast to native C, which is logical because most of native SOC is 
stabilized. Similarly, Sall et al. (2003) found that MB growth was stimulated by the addition of 
leaf litter which served as an energy source for rapid microbial growth. The largest Faidherbia 
litter effect on MB in soils from CH>35 site during the incubation period was probably because 
of the already higher initial MB (Figure 3.2). 
 
Being indicative of general aerobic microbial activity, elevated dehydrogenase activity in soils 
under the canopy with regular litterfall input compared with outside the canopy demonstrates 
higher microbial activity in the former soils. In addition, Faidherbia litter addition increased 
dehydrogenase activity by 1.4-5.7 times relative to unamended soils, although not in soils from 
GT site. The reason for this observation in soils from GT is unclear and the differences are 
even harder to see in heavy soils. Yadav et al. (2011) also ascribed the increase in 
dehydrogenase activity under multipurpose trees in agroforestry to regular litter addition. We 
observed that as MBC content decreased, dehydrogenase activity decreased alongside 
(Figure 3.3), this is supported by a significant positive correlation between MBC and 
dehydrogenase activity (r=0.83, p<0.001). Dehydrogenase activity for soils under the canopy 
63 
also positively correlated with the age of the Faidherbia tree (r=0.49, p=0.01), although the 
correlation was moderate. 
 
The extracellular enzyme β-glucosaminidase which plays a vital role in both C and N cycling 
was not significantly higher in soils under the canopy compared to soils outside the canopy. 
Being an extracellular enzyme, an increase in β-glucosaminidase activity following litter 
addition may be as a result of MB increase, but the correlation between the two was weak and 
non-significant (r=0.10, p=0.64). The enzyme β-glucosaminidase only moderately correlated 
(r=0.39, p<0.001) with N mineralized during the incubation period. Further, the correlations 
between β-glucosaminidase activity and SOC (r=0.05, p=0.68), and with total N (r=0.09, 
p=0.78) were also very weak and non-significant. Surprisingly, β-glucosaminidase activity did 
not show any trend with a change in soil texture on the different sites. Hence, we concluded 
that the effect on β-glucosaminidase activity in this study was determined mainly by the 
addition of Faidherbia litter, not by soil characteristics.  
 
An increase in the size of MB and high enzyme activities in soils are often considered as 
indicators for improved soil quality (Anderson and Domsch, 1990; Moeskops, 2010; Yadav et 
al., 2011). Thus, the higher MBC content and enzyme activities in soils from under compared 
to outside the canopy and following Faidherbia litter addition is a clear indication of improved 
quality improvement, confirming our hypothesis that Faidherbia trees positively influences soil 
quality through both the long-term canopy effect and yearly litterfall addition in the short-term. 
 
3.4.4 Soil microbial community composition 
In contrast to our expectations, total PLFAs for unamended soils under the canopy did not 
significantly differ from outside the canopy, although there were differences in concentration 
of some specific biomarker PLFAs in soils under and outside the canopy. For example, AMF 
was higher in soils under the canopies than outside suggests a better soil fertility in the former 
soils. AMF form beneficial association with plant, and are thus dominant in agricultural soils. 
AMF enhance host-plant uptake of relatively immobile nutrients like P and micronutrients (e.g. 
Cu) (Berruti et al., 2014). The symbiotic nature and susceptibility of AMF to changes in 
agricultural management make them important indicators of soil fertility in sustainable 
agriculture systems (Moeskops, 2010). Further, a higher SOC content in soils under the 
canopy also showed a high inherent growth rate of gram-negative bacteria compared to soils 
outside the canopy. Likewise, we found that soils under tree canopies had larger proportions 




Further analysis of the PLFA data before incubation with PCA indicated that PC1 fairly 
segregated samples based on their texture regardless of whether the soil sample came from 
under or outside the canopy, i.e. sandy loam from clay textures (Figure 3.5). PC1 was uniform 
and significantly correlated with most of the biomarker PLFAs, except with the actinobacteria. 
The strong positive correlation between SOC, and fungal PLFA (r=0.72, p<0.001) implies that 
an increase in organic matter content would mainly stimulate fungal abundance in these soils. 
The second principal component (PC2) that fairly separated samples from mature trees (>35 
years) from young trees was correlated mainly with actinobacteria and gram-negative 
bacteria, i.e. the soil microbial communities varied between the two age groups resulting from 
differences in time of soil modification under the canopies. 
 
In general, Faidherbia litter addition to soils increased total PLFAs compared with unamended 
soils after 84 days of incubation (Table 3.4). This increase in total PLFAs was mainly because 
of an increase in abundance of bacterial, fungal and actinomycetes communities. The growth 
in the abundance of these three microbial communities is logical because these are the 
primary decomposers of organic matter. Other studies have also shown organic amendments 
to increase specific biomarker PLFAs in soils, particularly bacterial and/or fungal communities 
(Frostegård et al., 1997; Peacock et al., 2001; Buyer et al., 2010). 
 
The PCA of biomarker PLFAs after 84 days of incubation resulted in a clear separation of 
amended from unamended samples by PC1, indicating a difference in microbial communities 
established after Faidherbia litter addition to soils. PC1 was uniformly and significantly 
correlated with all biomarker PLFAs, signifying a proportional increase in the abundance of all 
microbial groups (Table 3.6). Although PC1 was uniformly loaded with all biomarker PLFAs, it 
was strongly and positively correlated with gram-positive bacteria and other bacteria, and 
actinobacteria compared with other biomarkers in amended soils, suggesting that these 
microbial groups primarily decomposed the added litter. Masunga et al. (2016) ascribed the 
increase in abundance of bacterial community to their preference for degrading readily 
decomposable substrate while fungi degrade the recalcitrant material. The results here 
support our hypothesis that short-term Faidherbia litter addition increases soil MB at the same 
time influencing the soil microbial community composition by increasing the abundance of 
individual microbial communities. 
 
Similar to PC1 before incubation (0 days), PC2 after 84 days of incubation also fairly separated 
samples based on soil texture. PC2 was partly loaded with gram-negative bacteria, and fungal 
communities, but strongly positively correlated with PLFA 20:5, a marker PLFA for protozoa 
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(Table 3.6). This segregation suggests that microbial communities differed between the clayey 
and sandy textures. 
 
3.5 Conclusions 
The biological soil quality and N supply potential under canopies of Faidherbia trees are 
enhanced by a combined effect of short-term seasonal litterfall and long-term soil modification 
by the trees. The soil quality indicators, except β-glucosaminidase activity, were greater with 
increasing age of the Faidherbia tree, demonstrating the effects of the time of soil modification 
under the canopy on overall soil quality and fertility. This study demonstrates that the native 
SOM contributes more to the overall N availability in Faidherbia agroforestry systems than the 
short-term seasonal litter. Even though the canopy effect was substantially greater under 
mature trees, young Faidherbia trees (8-22 years) on smallholder farmers’ fields contribute 
already significantly to improving nutrient availability under the canopy. The contribution of 
belowground biomass and BNF to long term N availability are only implicitly included in this 
study. Additional research on the contribution of BNF and of belowground biomass to N input 
into the system would further clarify the relative importance of different N sources and relations 
with crop yields in the Faidherbia agroforestry system. 
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Chapter 4: Carbon and nitrogen mineralization dynamics in 
soils amended with agroforestry species litter of contrasting 




Most smallholder farming systems in sub-Saharan African (SSA) are characterized by low soil 
productivity, low income, and poor crop production. SSA farming system is also characterized 
by small fields and a heterogeneous landscape. Agroforestry systems could be an alternative 
source of nutrients and organic matter which could contribute to replenish soil fertility. In this 
study, we measured the (bio)chemical composition of litter from Gliricidia (Gliricidia sepium), 
Tephrosia (Tephrosia vogelii) and Faidherbia (Faidherbia albida) (five age groups) litter. 
Further, we assessed short-term C and N mineralization dynamics and soil microbial biomass 
and enzymes activities in soils amended litter from these three species, at a rate of 4.5, 3.9, 
and 2.5 t ha-1 for Gliricidia, Tephrosia and Faidherbia, respectively, in a controlled incubation 
experiment including unamended control soils. Gliricidia litter had significantly higher N, P, 
and K concentrations and lower C/N ratio than the other litters. The lignin content in Faidherbia 
litters was 2-3 times higher than Gliricidia and Tephrosia litter. Gliricidia and Tephrosia litters 
released an equivalent of respectively 56 and 36 kg N ha-1, while N mineralized from 
Faidherbia litters ranged from 7 to 24 kg N ha-1. The percentage C mineralized was 
comparable among the litters and ranged from 34 to 39%. β-glucosidase and β-
glucosaminidase activities were not different among the Faidherbia litter treatments, but 
tended to be lower compared with soils amended with Gliricidia and Tephrosia litter. Net N 
mineralized, β-glucosidase and β-glucosaminidase activities increased in litter with high N 
concentration and low C/N ratio. Litter lignin concentration and lignin/N ratio negatively 
correlated with all the enzymes. Though percentage C and N mineralized among the species 
were comparable, the gradual N mineralization of Faidherbia litters may decrease potential N 

















Sub-Saharan Africa farming systems are characterized by small fields and a heterogeneous 
landscape. Inherently low soil nitrogen status, nutrient mining, and low nutrient replacement 
on many smallholder farming systems in SSA has exacerbated food insecurity due to 
continued low crop production (Nziguheba et al., 2005; Sanchez and Logan, 1992). To 
improve this precarious situation, agroforestry systems are considered as viable and 
sustainable land-use that could improve soil fertility in smallholder farming systems. In 
agroforestry systems, litter is the major carbon input to soils, and hence the main source of 
nutrients especially in low-input agriculture systems (Gnankambary et al., 2008; Mafongoya 
et al., 1998). In the short term, organic material input to soils drives the growth and activity of 
soil microorganisms, which are vital for C and N cycling, while in the long term, there is 
improved SOM content (Abbasi and Khizar, 2012; Abera et al., 2012). 
 
Both the long- and short-term effects are affected by the quantity and quality of litter, the 
environment, and the decomposer community in soil (Chen et al., 2014). These are some of 
the key factors controlling mineralization rate, nutrient release, and stability of the SOM 
(Teklay and Malmer, 2004). The (bio)chemical composition of litter such as N, C, lignin, and 
polyphenol concentrations, their ratios, are some of the useful indicators of litter quality, and 
so are often reported to control decomposition rate and N release from organic material (Abera 
et al., 2012; Giller and Cadisch, 1997; Palm and Sanchez, 1991). Litter quality therefore plays 
a vital role in studies of short- and long-term effects of organic resources on nutrient availability 
(Palm et al., 2001). 
 
The N and C mineralization dynamics in soils are typically estimated by aerobic incubation 
experiments by measuring the mineralizable organic N and C (Nunes et al., 2016). The 
simultaneous determination of N and C mineralization indicates the N release potential, while 
mineralizable C shows an energy source for microbial activity desirable for nutrient cycling in 
soils (Li et al., 2003). Soil microorganisms, as basic mediators of decomposition of plant 
material and SOM, are to a large extent responsible for nutrient cycling in soils (Mganga et al., 
2016; Moeskops, 2010). Soil enzymes are pertinent in assessing changes in soil quality, 
because they catalyze SOM breakdown (Mganga et al., 2016). 
 
In Zambia, leguminous agroforestry species such as Faidherbia, Gliricidia, and Tephrosia are 
among the commonly promoted species in smallholder farming systems. These are 
interspersed with crops as N-fixing trees or shrubs. Gliricidia is a fast-growing N-fixing 
leguminous tree. The tree produces high biomass and accumulates high N in its leaves 
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(Kwesiga, 1994). Gliricidia is used in improved fallow, and may be left in the field for over 10 
years because of its ability to re-sprout after pruning (Harawa et al., 2006). As a good 
management measure for maize production, Gliricidia trees are usually pruned at 30 cm three 
times. The first pruning is during land preparation, the second pruning is during the first 
weeding, and the last during the second weeding of maize. The pruned fresh leaves and twigs 
are incorporated into the soil (Akinnifesi et al., 2002). Tephrosia is mostly used as in relay 
cropping systems. The seeds of Tephrosia are directly sown in a field with maize, but after the 
maize is harvested, the tree is left to grow during the dry season can cut just before the start 
of the new growing season. In such a system, Tephrosia will need to be established every 
year for the following maize crop (Hawara et al., 2006). 
 
Faidherbia trees have gained prominence in the past two decades, but benefits from the trees 
may as well vary with tree age which is highly variable. Mafongoya et al. (1998) reported that 
nutrient concentrations in multipurpose tree leaves decline with increase in age. Thus far, no 
studies have compared the litter quality from these varying ages of Faidherbia trees. Further, 
earlier studies on Faidherbia trees have explored the tree’s effect on soil chemical properties 
(Kamara and Haque, 1992; Saka et al., 1994; Umar et al., 2013), yet the litter quality and its 
effects on C and N mineralization, and microbial development which are vital to nutrient cycling 
have received very little attention. 
 
In this study, we wanted to assess the litter quality of Faidherbia litter from different ages of 
trees and litters from two other commonly used agroforestry species, namely Gliricidia and 
Tephrosia, and their influence on the short-term C and N mineralization dynamics. In addition, 
we assessed the effect of these litters on the soil microbial biomass and enzymes activities. 
We hypothesized that: (1) the nutrient concentration and litter quality of Faidherbia trees leaf 
litter differs with the age of the tree; (2) the C and N mineralization potential of Faidherbia litter 
is comparable with other commonly used agroforestry species, such as Gliricidia and 
Tephrosia. 
 
4.2 Materials and methods 
4.2.1 Site description and sampling 
We collected soil samples from a field at Kasisi Agricultural Training Center of the Lusaka 
Province (28°29’ E, 15°14’ S) (Figure 1.5). The field has been fallow for more than 15 years, 
with a vegetation of primarily grasses with few scattered bushy shrubs and small trees. The 
soils are classified as Acrisols with a sandy loam texture (Figure 1.6). Soils were randomly 
collected with a soil auger from the upper 20 cm, pooled, and air-dried. 
70 
 
We took fresh leaves from Faidherbia trees of different age groups namely: <10, 10-15, 15-
20, 20-35, and >35 years from several locations in Zambia. Litter was collected also from 
Gliricidia and Tephrosia of 4 and <1 year, respectively. The litter was collected by hand, and 
we used long poles to break small branches in the upper part of trees. The litter was air-dried 
used as an amendment in the incubation experiment and for further analysis. 
 
4.2.2 Soil and leaf litter analyses 
Air-dried soils for general characterization were passed through a 2 mm sieve. The soil texture, 
and pH were determined according to the methods described in Chapter 2. Total N and total 
C of soil and leaf were measured from finely ground samples with a TruMac CNS elemental 
analyzer (LECO). For total P and K in the plant tissue, 2 g of litter was placed in a muffle 
furnace at 450°C for 6 hours. The ash was dissolved in 100 ml of 1 M HNO3 and total P and 
K was quantified using an Inductively Coupled Plasma (ICP) spectrometer (iCAP 6000 series, 
Thermo Fisher Scientific Inc., Newington, USA). 
After sampling, the soil was characterized by 0.54% total C, 0.04% total N, soil pH (KCl) of 4.3 
and CEC 1.3±0.01 cmol kg-1 soil. The soil texture is sandy loam (80% sand, 7% silt, 13% clay). 
 
The hemicellulose, cellulose and lignin concentrations in litter samples were analyzed 
according to the method by Van Soest (1963) as acid detergent fibre (ADF) and acid detergent 
lignin (ADL). 
 
4.2.3 Experimental setup and treatments 
The soils preparation before incubation was done as described in Chapter 3. Two separate 
incubations experiments were conducted: (1) N mineralization for 84 days, and (2) C 
mineralization for 101 days. An equivalent of 200 g dry soil was thoroughly mixed with 
unground Faidherbia, Gliricidia, and Tephrosia litter at a rate of 2.5, 4.5, and 3.9 t ha-1 on a 
surface area basis, respectively. The litter load for Faidherbia was based on the average 
litterfall estimated from the litter quantification experiment in Chapter 2, while Gliricidia and 
Tephrosia litter load was estimated as the average biomass yield on fields in SSA (Munthali 
et al., 2014; Partey and Thevathasan, 2013; Rutunga et al., 2003) (corresponding to adding 
0.91, 1.63, and 1.41 g of Faidherbia, Gliricidia and Tephrosia litter per tube, respectively) Also 
controls, i.e. soils without amendments were included. The unamended soils and soil-litter 
mixture were put into PVC tubes (height=7 cm and diameter=6.8 cm), compacted to a bulk 
density of 1.4 g cm-3, and soil moisture was adjusted to 50% water filled pore space (WFPS) 
as described in De Neve and Hofman (2000). We had 7 treatments and 1 control (5 x 
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Faidherbia litter amendments [comprising of litter from the age groups in 4.2.1], 1 x Gliricidia 
amendment, 1 x Tephrosia amendment, and 1 x unamended control). The moisture content 
was kept constant during the incubation period by regularly weighing the tubes, and if needed, 
by adding demineralized water equivalent to the amount lost. 
 
4.2.3.1 Nitrogen mineralization experiment 
We followed the procedure outlined in Chapter 4, but forty grams of fresh soil was extracted 
with 200 ml 1 M KCl. 
 
4.2.3.2 Carbon mineralization experiment 
The PVC tubes with soil and small glass vials containing 15 ml 0.5 M NaOH to trap released 
CO2 were placed in air-tight glass jars and incubated at 27°C. Initially CO2 emitted was 
determined every two days for one week, then every three days for two weeks and then 
gradually changed to five days, and finally every two weeks until the end of incubation, after 
101 days. At each sampling time, the vials with NaOH were removed and titrated with 0.5 M 
HCl in the presence of BaCl2 (Anderson, 1982). 
 
4.2.3.3 Soil biological parameters 
Enzyme activities and MBC were measured before incubation and 101 days after incubation 
from the C mineralization experiment. 
Microbial biomass carbon and enzyme activities (dehydrogenase and β-glucosaminidase 
activity) were analysed according to the methods described in Chapter 3. 
The activity of β-glucosidase was determined according to the procedure by Alef and 
Nannipieri (1995). Briefly, one gram of fresh soil was weighed into glass vials, 4 ml of modified 
universal buffer and 1 ml of 25 mM p-nitrophenyl-β-D-glucoside were added, thoroughly 
mixed, and incubated for 1 h at 37°C. After incubation, 1 ml of 0.5 M CaCl2 and 4 ml Tris buffer 
pH 12 were added. For the controls, 1 ml of 25 mM p-nitrophenyl-β-D-glucoside was added 
after the incubation. The contents were filtered through Whatman no. 5 filter paper and the 
color intensity of the filtrate was measured at 400 nm wavelength using a Cary 50 UV-Visible 
spectrophotometer (Varian Inc., Palo Alto, USA). 
 
4.2.4 Model fitting and data analysis 
The N mineralization data was fitted with a zero-order model (Equation 4.1): 
Nmin = N0 + k*t         (4.1) 
Where Nmin is the N mineralized (mg N kg-1 soil) at time t (days), N0 is the initial soil mineral 
N concentration (mg N kg-1 soil), and k the zero-order mineralization rate (mg N kg-1 soil day-
1). The Net N mineralized from litter (Nnet,min) after 84 days was calculated by subtracting the 
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amount produced in unamended soil from that produced in litter amended soil and expressed 
as a percentage of total N added. The net N released, in mg N kg-1 soil, was recalculated to 
kg N ha-1 on the surface area basis of the PVC tubes we used in the incubation experiment. 
The cumulative C mineralized was plotted against incubation time (t). The C mineralization 
data was fitted with the first-order kinetic model (Equation 4.2) using the Levenberg-Marquardt 
algorithm. The single first-order kinetic model assumes the rate of C mineralization to be 
proportional to the amount of available carbon (Sleutel et al., 2005). 
C(t)= CA[1-exp(-kt)]         (4.2) 
Where C(t) is the cumulative C mineralized at time t (days), CA (mg C kg-1 soil) is the amount 
of mineralizable C with a mineralization rate constant k (day-1). The net C mineralized (Cmin,net) 
after 101 days was calculated by subtracting the amount produced in unamended soil from 
that produced in litter amended soil and expressed as a percentage of the amount of organic 
C added. 
The mineralization models can only be considered valid only when the standard errors of the 
parameter estimates are smaller than 50% of the parameter value (Sleutel et al., 2005). 
Therefore, the validity of the models was evaluated using the standard errors and correlation 
between the parameters. 
One-way ANOVA followed by Tukey’s HSD post-hoc test to separate the significantly different 
means among the treatments at p < 0.05 was performed on the data of MBC, enzyme 
activities, percentage C and N mineralized. Pearson correlation analysis was conducted 
between litter (bio)chemical parameters and percentage C and N mineralized, and soil 
biological parameters. Student’s t-tests were carried out to compare characteristics at before 
incubation and at the end of incubation. All the statistical analyses were conducted using IBM 
SPSS statistics 20 (SPSS Inc., Chicago, USA). 
 
4.3 Results 
4.3.1 Leaf litter characteristics 
The percentage N in Gliricidia litter was 21-47% higher compared with other litters (Table 4.1). 
Gliricidia litter had also significantly higher K, and P concentration and lower C/N ratio than 
other litters. Litter from 10-15 and 15-20-year old Faidherbia trees had lower K and P 
concentrations than other age groups (Table 4.1). The N concentration in litter from 15-20-
year old Faidherbia trees was on average 17% lower compared with other Faidherbia litters. 
No difference in C/N and lignin/N ratios was observed among Faidherbia litters. The lignin 
content and lignin:N ratio was 2-3 times higher in litter from Faidherbia trees compared to 
Gliricidia and Tephrosia litters. Hemicellulose concentration tended to be lower in Faidherbia 
litters than in Gliricidia and Tephrosia litters (Table 4.1). 
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Table 4.1(Bio)chemical composition of agroforestry tree species used in the experiment. (average±SE, 
n=3 for N, P, K, and C/N ratio). 
Treatment Total N Lignin Hemicellulose Cellulose C/N Lignin/N K P 
(%) (-) (g kg-1 DM) 
Fa<10 2.63±0.02ab 18.4 10.7 10.8 17.7±0.1b 7.0 10.2±0.1b 1.21±0.02b 
Fa10-15 2.69±0.19b 20.1   8.6 10.9 18.2±1.2b 7.5   9.3±0.1a 1.00±0.01a 
Fa15-20 2.30±0.00a 20.9 10.9 10.5 20.6±0.0a 9.1   9.0±0.3a 1.01±0.01a 
Fa20-35 2.72±0.04b 20.1   9.4 11.5 17.0±0.2b 7.4 15.8±0.0e 1.28±0.01c 
Fa>35 2.72±0.05b 21.2   9.0 11.2 17.6±0.3b 7.8 13.6±0.1d 1.55±0.01d 
Gs 3.38±0.02c   8.5 11.4   7.9 13.8±0.1c 2.5 25.8±0.1f 1.88±0.01e 
Tv 2.75±0.03b   7.4 13.2 14.7 18.1±0.2b 2.7 12.4±0.0c 1.27±0.00bc 
Note: Fa = Faidherbia litter; <10, 10-15, 15-20, 20-35, and >35; represent Faidherbia tree age groups in years; 
Gs = Gliricidia litter; and Tv = Tephrosia litter.  
 
4.3.2 Nitrogen mineralization 
The mineral N released increased in all soils with litter treatments with time (Figure 4.1). The 
mineralization pattern of soils amended with Tephrosia litter was comparable with most 
Faidherbia litter amended soils for the first 42 days, thereafter higher N mineralization was 
observed in the former (Figure 4.1). The N mineralization pattern in soils amended with 
Faidherbia litters was similar for all age groups. Overall, there was net mineralization and no 
immobilization. 
 
Soils amended with Gliricidia litter had the highest percentage N mineralized, but significantly 
only compared to soils amended with Fa10-15 and Fa15-20 litter (Table 4.2). The percentage 
of N mineralized from Fa>35 litter was respectively 1.5 and 3 times higher than Fa10-15- and 





Figure 4.1. Evolution of mineral N concentration from soils amended with agroforestry litter during an 
84-day incubation experiment. Fa=Faidherbia litter; <10, 10-15, 15-20, 20-35, and >35; represent 
Faidherbia tree age groups in years; Gs=Gliricidia litter; and Tv=Tephrosia litter. The error bars indicate 
standard error of mean (n=3). 
 
 
Table 4.2. Nitrogen applied, mineralization rate and net N mineralized (average±SE, n=3) in 
soils amended with litter during an 84-day laboratory incubation experiment. 
Treatment †N applied 
(kg N ha-1) 
Mineralization rate, 
k, (mg N kg-1 day-1) 
Nmin,net  
(mg N kg-1 soil) 
Nmin,net  
(kg N ha-1) 
N mineralized 
(%) 
Control - 0.16±0.01a - - - 
Fa<10   65.8 0.61±0.01d 38.4±1.3 21.1±0.7 32.1±1.1bc 
Fa10-15   67.3 0.49±0.01c 28.7±1.6 15.8±0.9 23.4±1.3b 
Fa15-20   57.4 0.30±0.01b 11.8±1.4   6.5±0.8 11.3±1.3a 
Fa20-35   68.0 0.63±0.01d 39.4±1.4 21.7±0.8 32.0±1.2bc 
Fa>35   68.0 0.66±0.02d 42.9±2.1 23.6±1.2 34.7±1.7bc 
Gs 152.9 1.21±0.15f 102.5±16.1 56.4±8.9 36.9±6.1c 
Tv 108.1 0.94±0.05e 65.8±3.8 36.2±2.1 33.5±1.9bc 
Notes: Nmin,net mg N kg-1 soil is recalculated to kg N ha-1 on the surface area basis of the PVC tubes. 
†Equivalent total N per hectare of litter applied per PVC tube. Different letters in each column indicate 
significant difference (p<0.05). 
 
4.3.3 Carbon mineralization 
The mineralization rate was 1.7-3.2 times higher in soils amended with litter compared with 
the control. The evolution of CO2 in soils following litter addition was initially high in the first 3 
days then gradually decreased before becoming fairly constant in the later stage of incubation 
(Figure 4.2A). The percentage C mineralized was higher in soils amended with Gliricidia litter 
in the first 30 days than other treatments. After 101 days, the percentage C mineralized was 
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higher in soils with Fa20-35 litter compared with other litters, even though this was not different 
to C mineralized from Fa10-15 litter (Figure 4.2B and Table 4.3). 
 
 
Figure 4.2. Rate of C evolution (A) and cumulative C mineralization as a percentage of TOC (B) in soil 
amended with agroforestry litter during a 101-day incubation experiment Fa=Faidherbia litter; <10, 10-
15, 15-20, 20-35, and >35; represent Faidherbia tree age groups in years; Gs=Gliricidia litter; and 
Tv=Tephrosia litter. Error bars indicate standard error (n=3). 
 
 
Table 4.3. Net C mineralized, mineralizable C and mineralization rate (average±SE; n=3) in soils 
amended with agroforestry litter during an 84-day laboratory incubation experiment. 
Treatment Co 
(mg C kg-1 soil) 
Mineralization rate, k, 
(day-1 soil) 
Cmin,net 
(mg C kg-1 soil) 
C mineralized 
(%) 
Control 169.3±19.2 0.024±0.003a - - 
Fa<10 906.0±3.0 0.054±0.000e 749.9±10.5 35.4±0.5a 
Fa10-15 965.9±17.9 0.040±0.001b 796.5±29.6 36.1±1.3ab 
Fa15-20 928.4±20.4 0.041±0.001bc 760.6±14.9 35.4±0.7a 
Fa20-35 983.8±10.1 0.047±0.001cde 823.3±13.3 39.1±0.6b 
Fa>35 911.7±8.1 0.045±0.001bcd 749.4±13.5 34.4±0.6a 
Gs 1482.5±15.7 0.076±0.001f 1329.5±24.0 34.6±0.6a 
Tv 1379.5±6.4 0.048±0.001de 1216.5±16.1 34.3±0.4a 
Notes: Co is the size of the readily mineralizable C pool and k is the mineralization rate. Different letters in each 
column indicate significant difference (p<0.05). Fa=Faidherbia litter; <10, 10-15, 15-20, 20-35, and >35; represent 
Faidherbia tree age groups in years; Gs=Gliricidia litter; and Tv=Tephrosia litter. 
 
4.3.4 Microbial biomass and enzyme activities 
The MBC did not differ among soils with litter treatment, but was more than doubled compared 
with unamended control (Figure 4.3C). Adding litter to soils increased dehydrogenase activity 
relative to the control, but not significantly in soils amended with Fa>35 litter. Soils amended 
with Gliricidia litter had 2.6 times higher dehydrogenase activity compared with soil amended 
with Fa>35 litter, yet no difference was observed with other litter treatments (Figure 4.3A). β-
glucosidase activity increased significantly compared to control in soils amended with 
Gliricidia, Tephrosia and Fa<10 litters, yet in the other litter treatments the increase was not 
significant. Gliricidia and Tephrosia litters increased β-glucosidase activity in soils by 2-3 times 
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compared to Faidherbia litters (Figure 4.3D). β-glucosaminidase activity tended to be higher 
in soils amended with litter than in unamended soils, although significantly only for Gliricidia, 
Tephrosia, Fa<10 and Fa15-20 litters. β-glucosaminidase activity in Gliricidia amended soils 
was more than double compared to soils amended with Faidherbia litters. But, β-





Figure 4.3. Enzyme activities (dehydrogenase [A], β-glucosaminidase [B] and β-glucosidase [D]) and 
microbial biomass carbon [C] after 101 days of incubation in amended and unamended soils. The error 
bars indicate standard error of mean (n=3). 
 
4.3.5 Relationship between parameters 
Litter N concentration correlated positively with Nmin,net, β-glucosidase and β-glucosaminidase 
activity. Conversely, lignin and lignin/N ratio negatively correlated with enzyme activities 








Table 4.4. Pearson correlation coefficients (r) between Cmin,net and Nmin,net, soil biochemical 
characteristics and biochemical composition of agroforestry litter used as amendment. 
 Total N Lignin  Hemicellulose Cellulose C/N Lignin/N 
Cmin,net (%) -0.19 0.46 -0.49 -0.02 0.06 0.41 
Nmin,net (%) 0.60** -0.49 0.13 0.03 -0.65** -0.63 
MBC 0.06 -0.16 -0.02 -0.23 -0.05 -0.14 
Dehydrogenase 0.41 -0.82* 0.69 -0.18 -0.34 -0.78* 
β-glucosidase 0.76* -0.94** 0.70 -0.15 -0.68** -0.95** 
β-glucosaminidase 0.77** -0.77* 0.49 -0.54 -0.69** -0.78* 
Notes: * P<0.05; ** P<0.01 
 
Net N mineralized had positive relationship with only β-glucosidase activity. Microbial biomass 
C positively correlated with both extracellular enzymes, although the correlation with β-
glucosaminidase activity was moderate. The relationship between the three enzymes was 
positive and highly significant (Table 4.5). 
 
Table 4.5. Pearson correlation coefficients (r) between C and N mineralized, and soil biological 
properties measured at the end of incubation. 
 Nmin,net (%) MBC Dehydrogenase β-glucosidase β-glucosaminidase 
Cmin,net (%) -0.12 0.27 -0.02 0.38 0.35 
Nmin,net (%)  0.21 0.11 0.55** 0.36 
MBC   0.65** 0.41 0.40* 
Dehydrogenase    0.67** 0.67** 
β-glucosidase     0.87** 
Notes: * P<0.05; ** P<0.01 
 
4.4 Discussion 
4.4.1 (Bio)chemical composition of litter 
The chemical composition of the litter used in this study varied in quality characteristics as 
reported for nitrogen fixing and woody tropical plants by other authors (Bernhard-Reversat, 
1999; Constantidines and Fownes, 1994; Diallo et al., 2006; Mafongoya et al., 1998). This 
variation in quality can be attributed to the difference in the type of species (i.e. Faidherbia, 
Gliricidia and Tephrosia). The higher total N, K, P and lower lignin, C/N and lignin/N ratios in 
Gliricidia litter compared with the other litters, suggests that its litter was of better quality than 
Faidherbia and Tephrosia litters. Within the Faidherbia species, Fa15-20 had a lower N 
content and higher C/N and lignin/N ratios, and thus could be considered as lower quality 
among the Faidherbia litters. 
 
The age of the tree has been reported to influence nutrient concentration in litter for many 
agroforestry trees (Mafongoya et al., 1998). However, contrary to this and to our hypothesis, 
the (bio)chemical composition of Faidherbia litters did not show a trend with age in this study. 
Apart from species type, Palm (1995) identified soil and climate as major factors that influence 
the nutrient concentration in agroforestry tree litter. In this study, leaf litter was collected from 
trees at different locations and on different soils. Although we compared the tree age include 
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on litter nutrient concentration among Faidherbia litters, influence of such confounding factors 
may have obscured potential differences with age. 
 
4.4.2 Nitrogen mineralization 
Higher percentage of N mineralized in soils with Gliricidia litter could be attributed to higher N 
concentration and lower C/N ratio than other litters (Table 4.1). We observed that soils with 
Fa>35 litter had 2.2 times higher mineralization rate than soils with Fa15-20 litter, also 
reflecting the significantly lower N content and higher C/N ratio. This was supported also by 
significant positive correlation between Nmin,net and N concentration in the litter (r=0.60, p<0.01) 
and a significant negative (r=-0.65, p<0.01) correlation between Nmin,net and C/N ratio of the 
litter (Table 4.4). Others, e.g. Trinsoutrot et al. (2000) have reported that the net accumulation 
of mineral N in soils during decomposition of organic materials is directly related to organic 
material’s N content. Several studies have highlighted also the close relationship between N 
mineralization and litter N concentration, and C/N ratio (De Neve and Hofman, 1998; 
Dessureault-Rompre et al., 2010; Tian et al., 2013). These relationships may explain the 
comparable percentage N mineralized in soils amended with Tv and Fa litters (specifically 
Fa<10, Fa20-35, and Fa>35 litters), since these litters had similar litter N concentration and 
C/N ratio (Table 4.1). 
Our results show that the N released from Fa litters did not depend on the age of the tree, for 
example the percentage of N mineralized in soils with Fa>35 was significantly higher than 
Fa10-15 and Fa15-20, but was not different to N from the other two Faidherbia amendments 
(Fa<10- and Fa20-35). This was in accordance with the very similar (bio)chemical composition 
of the litters (Table 4.1). However, these results should be interpreted with caution because 
the litter was taken from different locations as indicated in 4.2.1. The results though give a 
general insight in the N mineralization and (bio)chemical composition of Faidherbia litter. Even 
though the litter is from different locations, the (bio)chemical composition is very similar. 
 
Improved maize yields of up to 3.9 t ha-1, have been reported in Gliricidia and Tephrosia 
systems (Akinnifesi et al., 2010; Mkangwa et al., 2007). This yield increase has been reported 
within 2 years after establishing the fallow (Peterson et al., 2004). Whereas, in Faidherbia 
agroforestry systems, the impact on soils may take longer. However, increasing the tree 
density at a closer spacing in Faidherbia systems is reported to have earlier impact (Akinnifesi 
et al., 2010).  
The soils amended with Gliricidia and Tephrosia litter released an equivalent of 56 and 36 kg 
N ha-1, respectively. Whereas, in soils amended with Faidherbia litter, 7 to 24 kg N ha-1 N was 
mineralized during the incubation, comparable to amounts reported by Yengwe et al. (2017). 
Thus, the litter in this study is capable of meeting 6-50% of the 112 kg N ha-1 recommended 
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application rate for maize production in smallholder farming systems in Zambia. These N 
amounts although modest, especially from Faidherbia litters, do not include N that would be 
mineralized from native SOM. Moreover, the N released is a very significant contribution 
compared to no N fertilizer application as often done in resource-poor smallholder farmers’ 
practice.  
 
For the efficient use of nutrients, synchrony between nutrient release and crop nutrient 
demand is crucial in agroforestry and biomass transfer systems (Mafongoya et al., 1998). In 
our study, nitrate was the dominating form of mineral N released during incubation. The 
interaction between the negatively charged matrix of the topsoil and nitrate, make it very 
mobile and highly susceptible to leaching (Lehmann and Schroth, 2003). In seasonal climates 
like in Zambia, large quantities of nitrate are released from the mineralization flush of organic 
N in the topsoil which often occurs when dry soil is rewetted at the onset of the rainy season. 
This nitrate is exposed to leaching because it is available when there are no crops in the field 
or when crops are still small (Lehmann and Schroth, 2003). Hence, an important implication 
of the steady N mineralization observed in soils amended with Faidherbia litter compared to 
Gliricidia litter during the incubation period (Figure 4.1), could be that N loss through leaching 
and other pathways are probably reduced under Faidherbia systems. Consequently, 
Faidherbia tree-based agroforestry systems are more likely to conserve N in a readily 
mineralizable form which is available at later stages of plant growth (Vargas et al. 2006). 
 
4.4.3 Carbon mineralization 
Similar to the N released in the N mineralization incubation experiment, it is possible that not 
all CO2 emitted originates from organic material added. A large buildup of microorganisms due 
to presence of added substrate C could result in decomposition of additional native SOM as 
well in comparison to unamended soil, known as the priming effect. However, in this study, 
we measured the overall effect from the mineralization experiment, and thus, do not discuss 
potential priming effect. We observed a rapid rise in percentage C mineralized in the early 
stage of incubation for all treatments, in line with others (Abera et al., 2012; Gnankambary et 
al., 2008). This pattern can be explained by an increase in mineralizable C which encourages 
quick growth and activity of soil microorganism, leading to rapid mineralization (Gnankambary 
et al., 2008). However, Cmin,net did not show a significant relationship with MBC in our study. 
 
The percentage C mineralized from litter added ranged from 34 to 39%. Although Fa20-35 
litter had the highest percentage C mineralized, however, this was not different to that in soils 
with Fa10-15 litter. Despite Gliricidia and Tephrosia litter being considered as litter of better 
quality compared to Faidherbia litters in 4.4.1, the percentage of C mineralized indicated 
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comparable C mineralization potential among the litters, except for Fa20-35. It appears that 
the (bio)chemical composition of litter did not significantly influence C mineralization in this 
study. This is confirmed by non-significance of correlations between Cmin,net and litter quality 
characteristics (Table 4.4). The small differences in percentage of C mineralized between the 
treatments at the end of the incubation, show that the litter was of similar microbial stability 
(Figure 4.2B). Therefore, in terms of increasing SOM on fields, the three species have similar 
potential. 
 
4.4.4 Microbial biomass and enzymes activities 
An increase in the size of MB reflects greater potential of a soil to supply nutrients through 
decomposition and mineralization of organic materials (Nziguheba et al., 2005). Microbial 
biomass was higher in amended soils indicating availability of C substrate source from added 
litter, in line with others (e.g. Kuzyakov et al., 2000; Zhang et al., 2009). At the end of the 
incubation experiment, MBC did not differ among the treatments. It also had weak and non-
significant correlations with litter (bio)chemical characteristics, showing that litter quality did 
not significantly affect MBC content (Table 4.4). Obviously, this is also due to the small number 
of cases (species and age classes) used in this study (three tropical legumes). Moreover, we 
measured MBC at the end of the incubation, thus the lack of intermediary measurements of 
MBC could have contributed to weak relationship because the evolution of MBC with time was 
not taken into consideration. 
 
Enzyme activities were only measured at the end of the incubation experiment, when C and 
N mineralization had stabilized already. Still, even at the end of the incubation there were 
significant differences in enzyme activities, whereas there were no differences in MBC, 
suggesting that the enzyme activities are more sensitive to the effects of additions of organic 
material to these soils. For example, the (bio)chemical composition of litter influenced the 
activity of dehydrogenase as it correlated negatively with lignin content (r=-0.82, p<0.05) and 
lignin/N ratio (r=-0.78, p<0.05). This could explain the lower dehydrogenase activity in 
Faidherbia litters with double lignin content compared with Gliricidia litters, although 
significantly only for Fa>35 litter. Similarly, β-glucosidase and β-glucosaminidase activities 
were significantly related with litter N and lignin concentration as well as C/N and lignin/N 
ratios. 
 
Dehydrogenase an intracellular enzyme linked with microbial respiratory processes, and is 
often used as an indicator of aerobic microbial activity (Benitez et al., 2006; Moeskops et al., 
2010), was not better correlated to Cmin,net or Nmin,net than MBC. The enzyme β-glucosidase 
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which is involved in the C cycle (Moeskops et al., 2010), was better related to Nmin,net than 
Cmin,net, and β-glucosaminidase activity was less related to Nmin,net than β-glucosidase activity. 
 
4.5 Conclusions 
The litter (bio)chemical properties were similar among Faidherbia litters, implying that the age 
of Faidherbia tree would not be expected to have too much influence on the litter quality. We 
can thus conclude that nutrients availability and cycling through litterfall under Faidherbia tree 
canopies depends more on the quantity of litter than its quality. However, confounding factors 
in this study such as different soil and climate of the various locations where the litter was 
collected, may obscure the tree age effect on litter (bio)chemical composition, and C and N 
mineralization dynamics. Litter quality influenced N mineralization dynamics and enzyme 
activities, but had no significant effect on C mineralization and MBC. Enzyme activities are 
more sensitive indicators of C input to soils, as we found differences in their concentration 
between treatments at the end of the incubation experiment when the mineralization had 
stabilized. Although percentage N mineralized was higher from Gliricidia litter, the percentage 
C mineralized was comparable among the litters indicating that the three species have similar 
potential to improve and re-establish nutrient cycling in degraded soils. Nevertheless, the 
implication of a steady mineralization which was observed in soils amended with Faidherbia 
litter may be important in nutrient release synchronizing with plant nutrient demand. The stable 
N mineralization from Faidherbia litters during the incubation period may suggest a reduced 
risk of N losses through leaching in the short-term, and thus sustaining stable N availability at 
later stages of plant growth. 
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Chapter 5: Soil carbon source apportionment in Faidherbia 




Decrease of SOM in smallholder farming systems in sub-Saharan Africa is often related to 
loss of productivity and nutrient status. Litter from agroforestry trees such as Faidherbia can 
contribute to SOM replenishment on resource-constrained farmers’ fields. In this study, we 
conducted a controlled incubation experiment to investigate C mineralization dynamics, and 
related biological parameters in soils following addition of Faidherbia litter and maize residue. 
In addition, we measured natural carbon-13 abundance (δ13C) to determine the relative 
contribution of Faidherbia trees to SOC under Faidherbia-maize systems of varying ages from 
six sites. We also collected samples from outside the canopy (controls) at each site, and 
collected samples from fields that had not been cropped for more than 10 years (natural 
fallow). The SOC under the canopy was 12-33% higher than outside the canopy, but fallow 
fields from three sites had higher SOC than under the canopy plots. Adding litter to soils 
increased C mineralization, microbial biomass, and enzyme activities compared to controls. 
The δ13C values of SOC under Faidherbia-maize systems ranged from -22.3 to -13.6‰ 
showing a contribution of Faidherbia litter to SOC (0-20 cm) ranging from 18 to 42%. In this 
study, estimation of Faidherbia trees’ contribution to SOC was limited to upper soil layers, thus 
not accounting for the possible important input by decaying roots and root exudates of 
Faidherbia trees in the subsoil. Soil C stocks that include contribution from belowground 



















Low biomass production, high mineralization and continued nutrient mining by removing crop 
residue for other competing uses such as livestock fodder or household fuel has exacerbated 
the decline of SOM in SSA smallholder farming systems. This has led to low agricultural and 
biomass productivity, soil degradation and nutrient depletion, and subsequently food insecurity 
(Mafongoya et al., 2006). Alternative land management practices such as agroforestry have 
been shown to mitigate soil degradation and nutrient depletion by conserving and restoring 
soil C (Kwesiga et al., 1999). 
 
In low-input agriculture systems commonly practiced in SSA, organic material such as litterfall 
and plant residue are a valuable source of SOM and nutrients. Agroforestry trees such as 
Faidherbia, commonly associated with maize (Zea mays L.) production in Zambia, are 
increasingly being promoted to alleviate the declining soil fertility status on resource-
constrained farmers’ fields as a source of SOM and nutrients through seasonal litterfall 
(Akinnifesi et al., 2010; Wahl and Bland, 2013). Despite the increasing number of Faidherbia 
trees on smallholders’ fields and its soil fertility replenishment potential, thus far little is known 
about short- and long-term soil C dynamics, including SOC turnover and the size of the SOC 
pools under these systems. Nair et al. (2009) reiterates that we have minimal understanding 
about C storage and dynamics under agroforestry systems. Few studies have attempted to 
quantify C storage in Faidherbia agroforestry systems and assess soil indicators closely linked 
to or involved in C cycling in Faidherbia-maize agroforestry systems in SSA. 
 
It is of interest to study the relative contribution of Faidherbia trees (C3 plants) as compared 
to maize crops (C4 plants) to SOC build up in these agroforestry systems. Natural carbon-13 
abundance (δ13C) has been widely applied in investigating C3 and C4 vegetation contribution 
to SOM dynamics (Balesdent et al., 1987; Oelbermann and Voroney, 2007; Rhoades et al., 
2000; Takimoto et al., 2009; Wynn and Bird, 2007). The method depends on the different 
photosynthetic pathway of C3 and C4 plants, whose unique δ13C values are not significantly 
altered during decomposition and formation of SOM (Boutton et al., 1998). C3 plants 
incorporate less 13C and thus have more negative δ13C values than C4 plants (Takimoto et 
al., 2009).  
 
The stability of organic carbon of added organic material is of interest in practices that try to 
increase SOM. Ideally, the amount of stable organic C should be determined from long-term 
laboratory incubations usually more than one year, at a temperature comparable to the 
average temperature under field conditions. However, such long incubations are often 
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impracticable and therefore estimates are often based on short-term incubations, which can 
be extrapolated to estimate long-term results. Thus, in the short term, C mineralization 
dynamics in Faidherbia-maize agroforestry systems can be studied by incubation experiments 
by monitoring the evolution of CO2 release over time. Such experiments yield the quantity of 
mineralizable C, thus indicating easily available energy source for microbes needed to 
promote nutrient cycling in these agroforestry systems (Nunes et al., 2016). Soil microbial 
biomass (MB), which is the living part of SOM is responsible for the decomposition and 
transformation of organic materials. Soil enzyme activities are linked closely to C cycling in 
soils, because they are key in the processing and decomposition of organic inputs and SOM, 
and hence can be used as indicators in C cycling processes (Janušauskaitė et al., 2013). 
 
In this study, we investigated the C dynamics (and related biological parameters) under 
Faidherbia-maize agroforestry systems by assessing: (1) short-term (litter) effect, which is the 
seasonal addition of plant litter (Faidherbia leaf litter and maize residue), on C mineralization 
and biological properties, and (2) the contribution of Faidherbia trees to soil C stocks under 
the canopy. Our central hypothesis was that due to the distinct (bio)chemical composition, 
there is a fundamental difference in the rate of decomposition of organic matter derived from 
maize residue and Faidherbia litter, and this influences SOC dynamics under a Faidherbia-
maize agroforestry system. Specifically, we hypothesized that (1) C mineralization and 
biological parameters linked to C cycling are higher under the canopy than outside, and (2) 
seasonal leaf litterfall from Faidherbia trees contributes significantly to C storage in the upper 
soil layers under the canopy. We tested these hypotheses by conducting a controlled 
incubation experiment to assess C mineralization, microbial biomass carbon (MBC), and 
enzyme activities (Dehydrogenase, β-Glucosidase and β-Glucosaminidase activity) in soils 
amended with a mixed Faidherbia and maize residue litter, Faidherbia litter only, and maize 
residue litter only. Further, we measured the total SOC and δ13C signature in 5 cm soil layers 
down to a depth of 20 cm under and outside the Faidherbia tree canopy. 
 
5.2 Materials and methods 
5.2.1 Site description and soil sampling 
The study was conducted on soil samples collected from fields with Faidherbia trees of 
different ages in four selected locations in Zambia namely: Chisamba-Golden valley 
agricultural research trust (GT) of the Central Province; Chongwe (CH) and Shimabala (SH) 
of the Lusaka Province; and Monze (MZ) of the Southern province of Zambia (Figure 1.5). 
The soils at GT are Phaeozems, with a clayey texture in the topsoil. The soils at MZ are Alisols, 
with a sandy loam texture in the topsoil, whereas, at SH the soils are Vertisols (Figure 1.6). 
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The soils at Chongwe with >35-year old trees had a dark grey topsoil, with high clay in the 
topsoil which has cracks on the surface in the dry season characteristic of vertisols at SH. 
 
In addition to the field selection criteria used in Chapter 2 for collecting soil samples, we 
selected fields with a minimum of five years Faidherbia-maize agroforestry practice. Generally, 
the cropping history was uniform within the site, but different from site to site. The sites that 
have had rotations in the past three agricultural seasons with maize being the main crop were: 
GT15 (Maize-Cotton-Maize), SH9 (Maize-Groundnuts-Maize) and MZ>35 (Maize-
Groundnuts-Maize). On the other sites, maize has been the sole crop grown for more than 
five years. 
 
5.2.1.1 Bulk soil sampling and analysis 
Soil samples were collected and, soil texture and pH determined as described in Chapter 2. 
We collected undisturbed samples using core rings (diameter = 5 cm, height = 5 cm) at each 
site under and outside the canopy, and on fallow field for the determination of bulk density. 
The total N and C were determined according to the method in Chapter 2. 
 
Fresh leaves from Faidherbia trees were collected at each site as described in Chapter 4, and 
air-dried to a constant weight. The maize residue (stover and roots) found under canopies 
were dry at the time of sample collection, therefore did not need further drying. Total N and 
total organic carbon (TOC) of soil and plant materials were measured from finely ground 
samples with a Tru Mac CNS elemental analyzer (LECO). 
 
5.2.1.2 Samples for the δ13C analysis 
The same sampling campaign described in Chapter 2 was also used for δ13C analyses in soil 
layers. Surface litter was removed before taking the soil samples. Samples were taken from 
0-20 cm depth soil layer using a soil sampler probe and segregated into four depths i.e. 0-5 
cm, 5-10 cm, 10-15 cm and 15-20 cm. These were collected at five random points within each 
quadrant under the canopies as described in Chapter 2. We collected three replicates of soil 
samples at five random points from reference fields (natural fallow) i.e. fields adjacent or near 
to our experimental fields, but that had not had any agricultural activities for a long time (>10 
years in most cases). The vegetation on the reference fields was mostly grasses and scattered 
bushes. Therefore, we had three land-use practices at each site (under canopy of Faidherbia 
trees, outside the canopy, and natural fallow). 
 
Dry plant materials from each site were ground using centrifugal mill (ZM200, Retsch, 
Germany), whereas soil samples were ground and homogenized using a ball mill (PM400, 
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Retsch, Germany). The 13C/12C isotope ratio of both soil and plant samples were measured 
using an elemental analyzer, Automated Nitrogen Carbon Analyser-Solid and Liquids (ANCA-
SL, SerCon, UK) coupled to an isotope ratio mass spectrometer (20-22, SerCon, UK) following 
standard processing techniques. The isotope composition was reported as δ13C (Rsample) 
expressed as parts per mill (‰) relative to the international standard (Rstandard) Vienna Pee 




− 1) ×1000       (5.1) 
Where δ13Csample is carbon isotope composition of soil, and plant samples. 
 
5.2.2 Experimental setup and treatments 
To minimize disturbance, we did not sieve the soil samples used for the incubation experiment, 
but instead visible roots and stones were manually removed. The soil samples were pre-
incubated for seven days to reinitiate microbial activity. Maize residue was cut into smaller 
pieces comparable to the size of Faidherbia leaves for easy incorporation into the soil. An 
equivalent of 250 g dry soil was thoroughly mixed with maize residue and Faidherbia litter at 
a rate of respectively 3 and 2.5 t ha-1 on a surface area basis, based on the average litterfall 
estimated from Faidherbia trees and average maize biomass yield in Chapter 2. 
 
Three amendments namely: (1) Faidherbia and maize litter (FMU), (2) Faidherbia litter alone 
(FU), and (3) maize residue alone (MU), were applied to the soil collected from under the 
canopy. The soil collected from outside the canopy was amended with maize residue alone 
(MO). The control treatments for the amended soil were: unamended soil from under the 
canopy of Faidherbia trees (U) and unamended soil from outside the canopy of Faidherbia 
tree (O). Thus, we had four treatments and two control treatments per site in triplicates. The 
soils were incubated at 27°C and CO2 was monitored for 108 days as described in Chapter 4. 
 
Microbial biomass carbon and activity (dehydrogenase, and β-glucosaminidase) were 
measured using the methods in Chapter 3, and β-glucosidase activity was determined 
according to the method described in Chapter 4. 
 
5.2.3 Calculations and statistical analysis 
The cumulative C mineralized (Ct) was plotted against incubation time (t) and a parallel first-
order plus zero-order kinetic model (Equation 5.2) was used for amended soils while 
unamended soils data was fitted with a single first-order kinetic model (Equation 5.3) according 
to the Levenberg-Marquardt algorithm. The parallel first-order plus zero-order kinetic model 
assumes the existence of two pools of available C with different resistance against microbial 
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degradation; an easily degradable pool mineralizing according to first-order kinetics and a 
more resistant C pool mineralizing according to zero-order kinetics. The single first-order 
kinetic model assumes the rate of C mineralization to be proportional to the amount of 
available carbon (Sleutel et al., 2005). Mineralization models can be considered valid only 
when the standard errors of the parameter estimates are smaller than 50% of the parameter 
value (Sleutel et al., 2005). Therefore, the validity of the models was evaluated using the 
standard errors and correlation between the parameters. 
C(t) = CA,f{1 − exp(−kft)} +  kst        (5.2) 
C(t) =  CA{1 − exp(−kt)}         (5.3) 
Where C(t) is, the cumulative C mineralized at time t, CA,f is the easily mineralizable C pool 
with a mineralization rate constant kf, and ks is the mineralization rate constant of the resistant 
pool. For the single first-order kinetic model, CA is the amount of mineralizable C with a 
mineralization rate constant k.  
The net C mineralized (Cmin,net) was calculated by subtracting the C produced by the control 
soil from that produced by the soil amended with plant material and expressed as a percentage 
of organic carbon added. A Linear Mixed-Effects model followed by Bonferroni pairwise 
comparisons on the fixed effects (treatment with four levels: FMU, FU, MU and MO) was fitted 
to net C mineralized, MBC, and enzyme activities data. Treatment was taken as a fixed effect, 
while site was taken as a random effect because the sites are representative of a sample 
rather than an entire population of sites with Faidherbia trees. This model accounts for 
correlations among observations within the site and variability between sites (Cunnings and 
Finlayson, 2016). 
Soil C storage per hectare was calculated using the equivalent soil mass procedure (Wendt 
and Hauser, 2013). The soil mass was calculated as: 
MSOIL = (mOD/acs) x 10000       (5.4) 
Where MSOIL is the mass of soil (Mg ha-1), mOD is the dry sample mass (g) sampled by core 
ring with a cross-section area (acs) of its inside diameter (D in mm). 
Therefore, the mass of organic carbon in the soil layer is given by: 
MOC = MSOIL x COC        (5.5) 
Where MOC is the mass of organic carbon in the soil layer (kg ha-1), and COC is the organic 
carbon concentration (g kg-1). 
Total soil carbon is from both C3 and C4 vegetation (Equation 5. 6). We calculated 
relative contribution of Faidherbia and Maize biomass to SOC from δ13C values of 
aboveground Faidherbia litter and maize residue inputs using the mixing model (Balesdent et 
al., 1987; Wynn and Bird, 2007), based on average end-member values of Faidherbia litter 
and maize biomass (Equation 5.7). Therefore, total organic C in the soil is given by:Ct = CC4 
+ CC3        (5.6) 
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The organic C derived from C4 biomass 
CC4 = (δs - δC3)/(δC4 - δC3)       (5.7) 
Where Ct is the total organic C content of the sample, CC4 and CC3 are carbon contents 
derived from C4 and C3 biomass, respectively, and δs is the δ13C value of soil sampled under 
Faidherbia-maize system, δC4 is δ13C value of C4 litter input, δC3 is δ13C value of organic matter 
derived from C3 plant. Since the δ13C values are known to depend on species and 
environmental factors such as rainfall, soil moisture or CO2 concentration in the atmosphere 
(Marino and McElroy, 1991; Lockheart et al., 1997), we used δ13C values of C3 and C4 plants 
specific to each site for the calculation. For δC4 values, we used the average value for all C4 
inputs under the Faidherbia tree canopy on every field, mostly litter from maize and other 
grasses. We took δ13C value for Faidherbia litter at each site to represent C3 input. 
We fitted a Linear Mixed-Effects model followed by Bonferroni pairwise comparisons on the 
fixed effects on soil chemical properties (land-use practice with two levels: under and outside 
Faidherbia canopy), C stocks and δ13C signature data (land-use practice with three levels: 
under canopy of Faidherbia trees, outside the canopy, and natural fallow; and soil depth with 
four levels: 0-5, 5-10, 10-15, 15-20 cm). Land-use practice and soil depth were taken as fixed 
effects, while site was taken as a random effect. Pearson correlation analyses were conducted 
between the percentage clay content and soil C storage, and percentage of C mineralized 
from native SOM, and between tree age and δ13C values in the top 5 cm soil layer. Statistical 
significance was judged at the 5% significance level. All the statistical analyses were 
conducted using IBM SPSS statistics 20 (SPSS Inc., Chicago, USA). 
 
5.3 Results 
5.3.1 Soil properties under and outside Faidherbia tree canopy 
 
The soil pH did not statistically differ between under and outside the canopy. In contrast, total 
N was 16% higher in soils under the canopy compared with outside the canopy. Likewise, 
SOC was 23% higher in soils under the canopy compared to outside the canopy. The soils 
from outside the canopy tended to have lower C/N ratio compared with soils from under the 







Table 5.1. Soil characteristics under canopies of Faidherbia trees (U) and outside the canopies (O) of 
the trees (average±SE, n=3) at different sites (GT: Chisamba, SH: Shimabala, MZ: Monze, and CH: 
Chongwe). Number after site abbreviation indicates tree age. 
 
5.3.2 Soil organic carbon storage under different land-use systems 
The overall C stock in the upper 20 cm soil layer was 21% higher in soils under compared with 
outside the canopy (Figure 5.1). Although SOC in soils from natural fallow fields was 12% 
higher than in soils under Faidherbia canopies, the difference was not statistically significant. 




Figure 5.1. Soil organic C in 20 cm soil layer under Faidherbia-maize systems of different ages (GT: 
Chisamba, SH: Shimabala, MZ: Monze, and CH: Chongwe), agricultural fields outside the canopy of 
the tree, and a reference field (Fallow field) without Faidherbia trees or agricultural activities. Number 
after site abbreviation indicates tree age Error bars indicate SE (n=3). 














Soil textural class 
(USDA) 
GTO  S 14° 57’ 
E 28° 06’ 
4.6±0.09 1.6±0.14 0.12±0.00 13.0±0.7 
31.4 20.1 48.5 Clay 
GT8U 4.5±0.07 1.8±0.13 0.12±0.01 15.3±0.2 
GTO  4.6±0.09 1.6±0.14 0.12±0.00 13.0±0.7 
34.9 18.7 46.4 Clay 
GT15U 4.3±0.12 1.8±0.13 0.13±0.01 14.3±0.3 
SH9O S 15° 39’ 
E 28° 14’ 
5.1±0.00 1.6±0.01 0.12±0.00 13.2±0.2 
16.0 35.0 49.0 Clay 
SH9U 4.6±0.13 1.9±0.06 0.14±0.00 13.8±0.3 
MZ11O S 16° 15’ 
E 27° 33’ 
5.3±0.03 0.8±0.01 0.08±0.00   9.6±0.1 
70.7 13.3 16.0 Sandy loam 
MZ11U 5.9±0.38 1.2±0.24 0.11±0.01 10.8±1.1 
MZ>35O 5.7±0.02 1.2±0.02 0.11±0.00 11.0±0.2 
62.0 19.9 18.1 Sandy loam 
MZ>35U 5.6±0.19 1.6±0.15 0.13±0.01 11.9±0.3 
CH>35O S 15° 22’ 
E 28° 46’ 
5.0±0.01 2.1±0.04 0.14±0.00 15.3±0.1 
22.0 27.9 50.1 Clay 
CH>35U 5.0±0.08 2.6±0.19 0.18±0.01* 14.5±0.5 
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5.3.3 Carbon mineralization 
The percentage of C mineralized from organic C added ranged from 20% to 38%. The 
mineralization pattern of added organic materials shows higher C mineralization from FU 
treatment compared to other treatments in first 20 days of the incubation, then declined 
thereafter (Figure 5.2). Overall, percentage of C mineralized from MU treatment was 1.2 times 
higher than FMU and FU treatments, but was not different to percentage of C mineralized from 
MO treatment (Table 5.2). We found a significant negative correlation between percentage 




Figure 5.2. Cumulative C mineralization as a percentage of added organic carbon after 108 days of 
incubation of soils from under the canopy (U) and outside the canopy (O). Treatments are: Faidherbia-
mazie litter (FM), Faidherbia litter alone (F), and maize residue alone (M). GT: Chisamba, SH: 
Shimabala, MZ: Monze, and CH: Chongwe. Number after site abbreviation indicates tree age. Error 












Table 5.2. Parameters of the parallel first-order plus zero-order kinetic model of C mineralization 
(average ± SE; n=3) of the regression and percentage of C mineralized (Cmin,net) from added organic C 
at each site (GT: Chisamba, SH: Shimabala, MZ: Monze, and CH: Chongwe). Number after site 




























Co is the size of the readily mineralizable C pool, whereas C mineralized is in %, kf and ks are the mineralization rates of the 
readily mineralizable and slowly mineralizable C pools. Soil from under the canopy amended with Faidherbia and maize litter 
(FMU), soil from under the canopy amended with Faidherbia litter (FU), soil from under the canopy amended with maize 
litter (MU), and soil from outside the canopy amended with maize litter (MO). 
 
5.3.4 Microbial biomass and enzyme activities 
The MBC was 43% higher in unamended soils from under the canopy compared with outside 
the canopy. The MBC in FMU treatment was 1.4 times significantly higher than MU treatment, 
yet was not different to MBC in FU treatment. Although MBC tended to be higher in MU 
treatment compared with MO, the two were not different (Figure 5.3). 
Soils from under the canopies had 2.6 times higher dehydrogenase activity compared with 
outside the canopy. The treatment FMU tended to have 20-39% higher dehydrogenase activity 
than FU and MU treatments, but the difference was not significant (Figure 5.3). 
Dehydrogenase activity in MU treatment was nearly triple the activity in MO treatment. 
 
 
Site Treatment Co 




(µg C g-1 soil day-1) 
Cmin,net 
(%) 
GT8 FMU 524.7±44.9 0.073±0.005 6.7±0.3 26.5±1.6 
FU 370.2±7.3 0.081±0.005 2.9±0.1 24.9±1.4 
MU 355.1±23.9 0.056±0.006 5.1±0.4 33.1±1.2 
MO 321.6±24.6 0.040±0.005 3.8±0.3 34.7±2.8 
GT15 FMU 579.6±64.3 0.070±0.007 5.5±0.4 27.1±0.3 
FU 357.2±10.4 0.082±0.001 2.5±0.1 25.9±0.8 
MU 380.0±48.7 0.051±0.005 4.6±0.3 36.4±1.4 
MO 321.6±24.6 0.040±0.005 3.8±0.3 34.7±2.8 
SH9 FMU 732.1±107.0 0.040±0.008 4.1±0.9 25.3±0.4 
FU 309.7±17.0 0.075±0.007 3.0±0.3 23.1±1.1 
MU 530.3±30.5 0.025±0.001 3.4±0.3 32.9±0.8 
MO 476.3±56.9 0.041±0.001 2.8±0.4 32.4±0.6 
MZ11 FMU 651.5±32.8 0.078±0.006 8.8±0.7 25.3±0.4 
FU 410.6±8.6 0.099±0.001 5.6±0.6 20.1±1.5 
MU 561.0±45.1 0.047±0.002 6.8±0.9 32.9±0.8 
MO 583.2±30.3 0.029±0.001 3.8±0.2 38.3±0.6 
MZ>35 FMU 623.4±19.2 0.075±0.004 9.3±0.5 24.5±0.6 
FU 329.2±17.3 0.125±0.010 7.1±0.8 23.2±2.3 
MU 691.4±61.8 0.038±0.004 5.9±0.6 32.4±0.8 
MO 929.1±56.1 0.024±0.002 3.1±0.5 32.3±2.8 
CH>35 FMU 896.2±64.7 0.037±0.004 3.1±0.9 22.7±0.3 
FU 355.3±19.9 0.063±0.009 3.8±0.3 21.6±3.2 
MU 736.1±33.0 0.034±0.003 4.2±0.2 31.3±1.1 
MO 545.4±96.8 0.026±0.004 2.7±0.6 29.0±2.8 
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Figure 5.3. Mean concentration of microbial biomass carbon (µg C g-1 soil) and dehydrogenase activity 
(µg TPF g-1 soil) after 108 days incubation of soils from under the canopy (U) and outside the canopy 
(O). Amendments are: Faidherbia-mazie litter (FM), Faidherbia litter alone (F), and maize residue alone 
(M). GT: Chisamba, SH: Shimabala, MZ: Monze, and CH: Chongwe. Number after site abbreviation 
indicates tree age. Error bars show standard error (n=3). 
 
The tree canopy effect has an effect on β-glucosidase activity, the enzyme activity was 1.8 
times higher in unamended soils under the canopy compared with outside the canopy. 
Similarly, MU treatment had 56% more β-glucosidase activity than MO treatment (Figure 5.4). 
There was no difference in β-glucosidase activity among FMU, FU and MU treatments. 
 
The activity of β-glucosaminidase tended to be higher in unamended under compared with 
outside the canopy, although not significantly (Figure 5.4). β-glucosaminidase activity in FMU 
treatment was 35% and 57% higher than in FU and MU treatments, respectively. The effect 
of adding maize residue to soils did not differ between soils from under and outside the 
canopies (Figure 5.4). Also, FU treatment tended to increase β-glucosaminidase activity, but 





Figure 5.4. Mean concentration of β-glucosidase and β-glucosaminidase (µg PNP g-1 soil) after 108 
days incubation of soils from under the canopy (U) and outside the canopy (O). Amendments are: 
Faidherbia-mazie litter (FM), Faidherbia litter alone (F), and maize residue alone (M). GT: Chisamba, 
SH: Shimabala, MZ: Monze, and CH: Chongwe. Number after site abbreviation indicates tree age. Error 
bars show standard error (n=3). 
 
5.3.5 Sources of carbon in Faidherbia-maize agroforestry systems 
The δ13C values of Faidherbia litter ranged from -29.4 to -27.7‰, and of maize residue ranged 
from -13.1 to -11.4‰. The interaction effect between land-use and soil depth on δ13C signature 
was not significant (p=0.10). In general, the δ13C values for soils under the canopy were -
0.99‰ more depleted compared with outside the canopy, except in soil from MZ11 site. 
Similarly, soils from outside the canopies were -1.33‰ more depleted than soils in the natural 
fallow fields (Figure 5.5). Of the three land-use practices, natural fallows fields had 
comparatively less δ13C values. 
 
The δ13C values in soils from all the sites consistently indicated 13C enrichment with depth, 
although this pattern was gradual in soils from fallow fields (Figure 5.5). At all the sites, the 
effect of depth on the mean δ13C was significant (p < 0.001) under the canopy, except 
between 10-15 and 15-20 cm soil layer. There was a moderate negative relationship 




Figure 5.5. Profiles of δ13C (‰ vs. VPDB) of plant materials and soil organic carbon under Faidherbia-
maize systems of vary ages (GT: Chisamba, SH: Shimabala, MZ: Monze, and CH: Chongwe, the 
number after site abbreviation indicates tree age), outside the canopy of the tree, and natural fallow 
field without Faidherbia trees or agricultural activities. Indicated depth is mid-point of sampled depth. 
Each point is the mean ± SD of three replicate samples. 
 
Faidherbia derived C was 3-9 times higher in 0-5 cm soil layer than in the 15-20 cm soil layer. 
The overall organic C stock in the 0-20 cm soil layer ranged from about 31 Mg C ha-1 for MZ11 
site to 55 Mg C ha-1 for CH>35 site (Table 5.3). Faidherbia biomass contribute 18-42% to 













Table 5.3. Contribution of Faidherbia and maize residue (stover+roots) derived C to 




Soil C derived from:  
Faidherbia  
(Mg ha-1 depth-1) 
Maize (Mg ha-1 
depth-1) 
Total C  
(Mg ha-1 depth-1) 
Faidherbia 
(%) 
GT8 0-5 4.4±0.8 11.1±0.3 15.5±0.6 28.3±3.9 
5-10 2.2±0.3 10.5±0.7 12.7±0.9 17.2±2.3 
10-15 1.6±0.3 10.3±1.1 11.9±1.2 13.2±1.7 
15-20 1.5±0.2   9.9±0.4 11.4±0.2 13.0±2.2 
GT15 0-5 4.5±0.0   9.4±0.6 13.9±0.6 32.4±1.2 
5-10 2.6±0.2 10.3±0.1 12.8±0.3 20.0±0.8 
10-15 2.0±0.2 10.5±0.2 12.6±0.4 16.1±1.1 
15-20 1.1±0.2 10.1±0.3 11.2±0.2   9.8±1.6 
SH9 0-5 5.5±0.3 10.2±0.3 15.8±0.3 35.1±1.4 
5-10 3.5±0.2   9.6±0.6 13.1±0.7 26.6±1.4 
10-15 2.5±0.2   9.4±0.7 11.9±0.9 20.8±0.4 
15-20 1.3±0.2   8.5±0.7   9.8±0.7 13.4±1.7 
MZ11 0-5 4.1±0.4   5.3±0.7   9.4±1.1 43.5±1.8 
5-10 2.5±0.1   5.4±0.5   7.8±0.5 31.6±2.5 
10-15 1.3±0.1   5.9±0.3   7.2±0.1 18.7±2.0 
15-20 0.9±0.2   6.0±0.2   6.9±0.2 13.0±2.3 
MZ>35 0-5 8.6±0.6   6.0±0.3 14.6±0.8 59.0±1.3 
5-10 5.0±0.6   4.5±0.3   9.5±0.9 52.5±1.8 
10-15 2.0±0.4   3.6±0.3   5.5±0.7 35.3±2.1 
15-20 1.0±0.2   3.8±0.3   4.8±0.4 21.2±2.6 
CH>35 0-5 6.1±0.6 11.9±1.2 18.0±1.8 34.0±0.6 
5-10 3.1±0.1 10.7±0.4 13.9±0.4 22.7±0.9 
10-15 2.2±0.2   9.5±0.3 11.8±0.2 19.0±1.7 
15-20 1.6±0.1   9.7±0.8 11.3±0.9 14.1±0.3 
Notes: GT: Chisamba, SH: Shimabala, MZ: Monze, and CH: Chongwe. Number after site 
abbreviation indicates tree age. Number after site abbreviation indicates tree age. 
 
5.4 Discussion 
5.4.1 Soil chemical properties and soil carbon stocks 
Carbon sequestration in soil is strongly influenced by the quantity and quality of organic 
material input among other factors (Saiz et al., 2015; Wynn and Bird, 2007). In this study, the 
higher SOC in the Faidherbia tree based system compared to outside the canopy across all 
sites can be attributed to a combination of litter input from Faidherbia trees, with the higher 
biomass input from crop residues due to improved yield levels under the canopy, in line with 
others (e.g Saka et al., 1994, Umar et al., 2013). The C stored in the upper 20 cm soil layer 
under the canopy of Faidherbia tree in our study was between 31-55 Mg C ha-1, whereas 
natural fallow fields had a higher C of 43-59 Mg C ha-1, which can be attributed high C input 
and reduced soil C disturbance.  
Although the C storage was generally higher in soils under Faidherbia canopies than outside 
the canopies, the difference was variable among the sites. This large variability in the C stock 
between under and outside the canopies among the sites could be due to the difference in the 
manner plant residues are managed at each site. In some cases, organic materials are 
removed through crop residue removal for other uses such as livestock feed and fuel, and 
weeding. In addition, the fields under the Faidherbia tree canopies are occasionally lightly 
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tilled during land preparation (to re-establish basins or ripped rows), thus exposing soil C to 
rapid decomposition and loss. Six et al. (1998) reported that tillage causes substantial losses 
of surface SOC.  
 
Faidherbia trees are in the Fabaceae family, therefore fix N biologically. The higher soil N 
content under than outside the canopy, especially for SH9, MZ11, MZ>35 and CH>35 sites 
can be ascribed to the seasonal addition of N-rich Faidherbia litter under the canopies, in line 
with reports by others (e.g. Saka et al., 1994; Umar et al., 2013; Yengwe et al., 2017). The 
significantly higher total N under than outside the canopy on four sites compared with only two 
sites for SOC may suggest that the N fixation by Faidherbia seems to be reflected in a stronger 
effect of the trees on total N compared to SOC. 
 
The quantity of litter under Faidherbia trees increased with an increase in the age of the tree 
in 2014/15 season (Chapter 2), and thus we expected C storage to increase with tree age as 
well. Nevertheless, the difference in C storage between under and outside the canopy did not 
show an increase with tree age. This lack of effect of tree age is probably due to the 
confounding and over-riding effect of texture on C storage. To establish the effect of soil 
texture on C storage, we related clay content at each site with the amount of SOC. We found 
that sites with >45% clay content had on average 83% higher total C in 20 cm soil layer 
compared with sites with <20% clay content. This indeed shows that soil texture plays a 
significant role on the overall C storage in soils. Others reported that the biological and 
chemical stability of C in soils is strongly influenced by the textural and mineralogical 
characteristics of soils (e.g. Clough and Skjemstad, 2000; Saiz et al., 2012). Generally, 
aggregation and sorption associated with clay protect soil C from further microbial 
decomposition and mineralization through physical stabilization (Takimoto et al., 2009). This 
is supported by a strong positive correlation (r=0.97, p=0.01) we found between total C storage 
in the upper 20 cm soil layer and the percentage clay. Hence, to reveal an age effect of tree 
on C storage, additional sites with similar soil texture would need to be selected. In addition to 
physical protection by clay, soil C is also influenced by oxides of Fe and Al (Matus et al., 2008). 
These oxides interact with C in soils making stable oxide-organic C compounds. 
 
5.4.2  Carbon mineralization under Faidherbia-maize agroforestry systems 
The percentage of C mineralized in soils under the canopy was 1.2-2 times higher than outside 
the canopy. The nature of organic material added is one of the principal factors determining 
decomposition kinetics in the initial phase of litter decomposition. We found that the type of 
amendment had a strong effect on C mineralization during the early stage of incubation 
judging by the high C mineralization rate we observed in FMU and FU treatments (Figure 5.2). 
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FMU and FU treatments had higher percentage of C mineralized in the first 480 h, then 
declined thereafter. This shows the response of fast-growing microorganisms to addition of C 
substrate in the early part of incubation. Gnankambary et al. (2008) found high decomposition 
rates in soil amended with mixed Faidherbia-Vitellaria litter, and attributed this to increased 
microbial activity which use the high quality litter as an easy source of energy to decompose 
the lower quality litter. 
 
We expected soils amended with Faidherbia litter to have higher mineralization rate than soils 
amended with maize residue. However, maize residue added to soils had a higher overall C 
mineralized than Faidherbia litter. It can be expected that maize residue decomposition would 
be N-limited due to its high C/N ratio. One possible explanation for this observation could be 
that, the decomposing microorganisms may acquire mineral N already present in soil or 
mineral N derived from simultaneous mineralization of native SOM, to decompose the maize 
residue (Blagodatskaya and Kuzyakov, 2008; Chen et al., 2014). But this does not explain the 
process above would only occur in maize residue amended soils. 
 
The difference in percentage C mineralized between soils under and outside the canopy did 
not also show any trend with tree age, which is likewise associated with differences in soil 
textures. Typically, sites with coarser textured soils had relatively high percentage of C 
mineralized. The negative correlation between percentage of clay and C mineralization 
supports the result of soil C storage, where we found sites with high clay content had higher 
SOC than those with low clay content, due to the physical and chemical protection as already 
indicated in 5.4.1. 
 
5.4.3 Soil microbial biomass and enzyme activities 
Similar to C mineralization results, the elevated MBC in soils under the canopy is due to higher 
SOC under compared to outside the canopy. We observed also that MBC in unamended soils 
was lower at the end compared to before the incubation, indicating depletion of the C substrate 
source with time as reported by others (Yang and Zhu, 2015). 
 
Overall, adding organic material stimulated MB and enzyme activities. Microbes are a major 
source of enzymes in soils (Tabatabai, 1982), thus, a rise of microbial activity following litter 
addition also resulted in an increase in enzyme production and subsequently speeding up the 
decomposition of the added substrate, also observed by others (Jin et al., 2010; Kuzyakov et 
al., 2000; Singh et al., 2016). This close link between enzymes activities and microbial 
metabolism was observable in soils from SH9, MZ11and MZ>35, where an increase in MB 
resulted in high enzyme activities in these soils (Figure 5.3 and Figure 5.4). Since MBC and 
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enzymes activities are closely associated with C cycling and often used as indicators of soil 
quality, the higher concentration of biological parameters in both amended and unamended 
soils under Faidherbia-maize systems compared to outside the canopy may indicate improved 
C cycling under canopies which is crucial for improving nutrient cycling. 
 
5.4.4 Sources of carbon in Faidherbia-maize agroforestry systems 
In general, we observed δ13C enrichment with depth by several per mil within the 20 cm soil 
profile, in line with others (e.g. Bernoux et al., 1998; Wang et al., 2015; Wynn et al., 2006). 
This is attributed to isotopic discrimination against 13C during organic matter decomposition 
(Accoe et al., 2003). Decomposing microorganisms preferably use 13C-depleted molecules for 
respiration, while 13C-enriched molecules are used in the production of biomass (Accoe et al., 
2002). The difference in δ13C values between the upper and lower soil layers was larger 
especially for coarse texture sites MZ11 and MZ>35 compared with other sites indicating 
enhanced degradation. The sites with high clay content showed small δ13C enrichment with 
depth in soil layers 5-10 to 15-20 cm, probably indicating stabilization of the δ13C-enriched 
solid products of microbial decomposition by clay minerals, also reported by others (e.g. Accoe 
et al., 2003). Whereas, small δ13C enrichment with depth under all natural fallow fields perhaps 
show less mixture of C3 and C4 input to SOC. 
 
The δ13C value of SOC under Faidherbia-maize systems in our study ranged from -22.3 to -
13.6‰, similar to -23.9 to -15.1‰ found under Faidherbia tree parkland in the Sahel by 
Takimoto et al. (2009). Management practice, e.g. residue retention, is known to affect δ13C 
values of SOC in the top layer (Kristiansen et al., 2005; Wang et al., 2015). Thus, the more 
depleted δ13C values of soils under canopies show evidence of continuous litter to SOM pool 
from Faidherbia trees, whereas depleted δ13C values of soils outside the canopies are as a 
result of input from C3 biomass in the crop rotation system.  
 
The depleted δ13C values in 0-10 cm soil layers under the canopy indicate superficial C input 
from Faidherbia litter. A two end-member mixing model we used to estimate contribution of 
maize and Faidherbia to soil C indicates that, on average Faidherbia-derived C contributed 
23-56% to the overall soil C in 0-10 cm soil layer (Table 5.3). 
 
The high SOC storage we found under Faidherbia-maize agroforestry systems has a direct 
effect on enhancing nutrient cycling, and overall soil fertility on SOM-poor soils. The Faidherbia 
derived biomass in this study does not only add to SOC, but is also a vital source of nutrients 
for maize grown under the Faidherbia tree canopies. Nevertheless, the significant amounts of 
maize residue-derived C in the entire 20 cm depth, indicates that recalcitrant litter sources 
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such as grasses and maize are also crucial for improving soil C pool in Faidherbia-maize 
agroforestry systems.  
 
5.5 Conclusions 
This study demonstrated that more C is stored in soils under Faidherbia agroforestry systems 
compared to treeless agriculture systems. The higher soil C under Faidherbia-maize 
agroforestry system compared to outside the canopy indicates that in the long-term, 
agroforestry land-use is a practical option that can contribute to increased soil C stocks on 
resource-poor smallholder fields. Using 13C natural abundance, we established that between 
18-42% of the soil C stock in the upper soil layer under Faidherbia-maize agroforestry systems 
is derived from Faidherbia trees. However, C inputs from other plant residues such as maize 
and savanna grasses which have a large recalcitrant pool of C are also important in sustaining 
SOC on these fields. In agroforestry systems, input of organic C through roots and roots 
exudates has an important effect on the overall C dynamics. Thus, to estimate Faidherbia 
trees’ contribution to soil C stocks under their canopies more precisely, studies on the impact 
of belowground biomass on SOC dynamics would be needed. 
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A rise in population requires food production to increase. But degradation of soil resource in 
many SSA countries is a serious threat to tropical production systems and food security 
(Sanchez, 2002). Agroforestry has shown the potential to restore and maintain soil fertility and 
improve yields of associated crops (Nair et al., 1999). Agroforestry trees such Faidherbia can 
be an important alternative source of nutrients and C inputs through decomposition of litter 
biomass, recycling nutrients and adding nitrogen by BNF. The reverse litter phenology makes 
these trees an attractive choice in smallholder farming systems, because periods of peak 
resource use by trees and crop rarely overlap. 
 
In this PhD thesis, we assessed the potential of Faidherbia trees of varying ages for improving 
biological soil quality and yield level of maize under smallholder farming systems in Zambia. 
We answered the research questions related to the main hypothesis formulated in Chapter 1. 
 
Being aware of the importance of litter as a nutrient source in smallholder farming systems in 
SSA, we quantified the nutrient deposition through litterfall, and determined maize biomass 
yield under different age groups of Faidherbia trees. Further, we assessed the overall effects 
of Faidherbia trees, i.e. short-term litter, and long-term canopy effects, on C and N 
mineralization dynamics, and the associated impact on selected soil microorganisms. Finally, 
we used δ13C technique to study the SOC dynamics and contribution of Faidherbia trees to 
soil C in a Faidherbia-maize agroforestry systems. In this last chapter, we synthesize our main 
findings from the four chapters, concluding with suggestions for further research. 
 
6.2 Faidherbia tree age effect on litter quality and nutrient deposition  
Few studies have quantified the litterfall patterns of Faidherbia trees (e.g. Dunham, 1989; 
Jung, 1969; Phombeya, 1999). Thus, in Chapter 2, we wanted to know when these trees start 
to shed their litter, and how much nutrients (NPK) are added through this litterfall. We included 
a gradient in age class of the tree to have an overview of litterfall patterns and amounts from 
different age groups. In contrast to a study of Roupsard et al., (1999) which showed leaf 
shedding to begin after the rains, we observed that Faidherbia trees begin to shed their leaves 
before the start of the rainy season in line with others (e.g. Fagg, 2001; Wahl and Bland, 2013; 
Wickens, 1969). In most cases, trees in our study dropped 60% or more of their litter three 
months after the start of the rains, and were leafless during a large part of the rainy season. 
Obviously, substantial litterfall in the initial stages of the crop growth period is desirable, not 
only as a nutrient source, but also for sunlight penetration through the canopies in this 
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agroforestry system. This ensures that crops under the canopies still get sufficient light for 
their growth. 
 
The difference in rainfall amounts in 2014/15 and 2015/16 season corresponded with a shift 
in litterfall patterns from Faidherbia trees. Interestingly, extended litterfall pattern was 
observed in 2015/16 season, which had lower rainfall compared to 2014/15 season. This could 
be the tree’s response to reduced rainfall amounts, as Roupsard et al. (1999) observed a 
steady litter shedding with as rainfall became infrequent. These results over the two seasons 
would suggest rainfall could be one of the factors that influences litterfall patterns in Faidherbia 
trees. However, more observations over several years are needed to confirm this relationship. 
 
The average litterfall over the two seasons 2014/15 and 2015/16 under Faidherbia canopies 
was equivalent to 1.6 t ha-1 for both 8- and 15-year old trees, and 3.7 t ha-1 for 22-year old 
trees (Chapter 2). In the 2014/15 season, litterfall quantity increased with increasing age of 
the tree. However, in the 2015/16 season, 8- and 15-year old trees started their litter shedding 
early, but the latter age had shed substantial amount of litter at the time of litter trap installation. 
This explains similar average litterfall amounts between the 8 and 15-year old trees. We do 
not have a clear explanation as to what led to early defoliating in these trees in 2015/16 season 
compared to the other site.  
 
In Chapter 2, we found that the average amounts of litterfall from 8-22-years old Faidherbia 
trees translate to adding 34-83 kg N ha-1 similar to the results of Phombeya (1999) and Jung 
(1969), 1.8-4.3 kg P ha-1 and 10-26 kg K ha-1 on smallholder fields every growing season if 
the litter is the sole source of nutrients. Considering that many resource-constrained 
smallholder farmers apply little or no chemical fertilizers, these amounts could possibly meet 
30-71% N, 10-25% P and 60-100% K of the recommended chemical fertilizer application rate 
for small scale maize production in Zambia. Other low-cost technology tools such as micro-
dosing, which is the application small amounts of chemical fertilizer, can be used to supply the 
missing N, P, K in Faidherbia agroforestry systems. In this case, small amounts of chemical 
fertilizers can be used to supply especially P, which is usually in low concentration even in 
Faidherbia leaf litter.  
 
Secondary nutrients such as Ca and Mg are also crucial in crop production. The effect of 
Faidherbia trees on Ca and Mg is reported not to be the same as for N and K. For example, a 
study in Ethiopia found that the concentration of Na, Ca, and Mg were not significantly different 
in soils under and outside the tree canopy (Kamara and Haque, 1992). Similarly, a study in 
Malawi found that Ca, Mg, Fe and Cu were not significantly affected by Faidherbia trees, but 
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the concentration of Zn was significantly higher under the canopy than outside the canopy 
(Weil and Mughogho, 1993). This shows that other important nutrients may still be limiting in 
Faidherbia agroforestry systems and would need to be supplied externally.  
 
In Chapter 2 and 4, we hypothesized that nutrient concentration of Faidherbia litter will vary 
with the age of the tree. In Chapter 2, we did not find a trend of litter nutrient content (N, P, K) 
with the tree age. To explore this further, in Chapter 4, we increased the age range of 
Faidherbia trees (<10, 10-15, 15-20, 20-35, >35-years), and in addition to major nutrients (N, 
P, K) we measured other (bio)chemical litter parameters such as lignin, cellulose, and 
hemicellulose. The concentration of P and K in litter varied for different age groups, but no 
trend was observed with tree age. In this case, the difference in P and K concentration in litter 
could be ascribed to different soils for each site, as the concentration of two nutrients in litter 
is largely dependent on soil nutrient status. The concentration of other litter (bio)chemical 
characteristics, such as lignin, hemicellulose and cellulose were in the same range for each 
studied age of Faidherbia as described in Chapter 4. 
We found that litter from 15-20-year old trees contained significantly lower N compared with 
other litters (Chapter 4). Incidentally, litter from the same trees had lower N compared with the 
others, described in Chapter 2. Compared to other age groups, at the time of fresh litter 
sampling from the trees, the 15-20-year old trees had shed significant amounts of litter already 
- also observed in Chapter 2 during the litterfall pattern study. This may suggest that nutrients, 
especially N, were translocated to other parts of the tree before litterfall in line with Mafongoya 
et al. (1998). In Chapter 2 and 4, litter quality did not correlate with tree age possibly due to 
the confounding effect of soil type, thus it is difficult to come to firm conclusions with respect 
to this. In order to further refine this, experiments could be designed in which different age 
classes of the tree are selected on the similar soils and under the same climatic conditions. 
 
6.3 Nitrogen mineralization dynamics in Faidherbia agroforestry systems 
Recognizing that N is one of the most limiting plant nutrients in most SSA soils, Zambia 
included, agroforestry technologies such as improved fallows were redefined to integrate N 
fixing trees (Ajayi et al., 2006). Chapter 3 describes the overall effects of Faidherbia trees of 
varying ages on improving N availability and biological soil quality, this chapter assessed: (1) 
the long-term canopy effect resulting from long-term soil modification under the tree canopy, 
and (2) the short-term litter effect, which is the yearly addition of litterfall. 
 
In Chapter 3, we found that soils from under the canopy of Faidherbia trees had higher soil N 
and N mineralization rate compared with respective soils from outside the canopy at all eight 
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sites. We attributed this to the N-rich biomass input through Faidherbia litter (Umar et al., 
2013), coupled with high biomass residue input due to improved crop yields under the canopy 
as shown in Chapter 2. The increase in population of young Faidherbia trees (≤22 years old) 
on smallholder farmers’ fields provided an opportunity to evaluate the N availability in varying 
ages of young Faidherbia agroforestry systems compared with mature Faidherbia trees (>35 
years old). We found that 10-51 kg N ha-1 compared to 9-30 kg N ha-1 was mineralized from 
native SOM in soil from mature and young Faidherbia trees, respectively. The larger canopy 
of mature trees means more litter input than young trees as discussed in Chapter 2. It appears 
that long residence of soils under the canopy (soil modification) is favorable for high N release. 
 
In our incubation experiments in Chapter 3 and 4, adding Faidherbia litter increased the N 
mineralization rates. In Chapter 3, we observed relatively lower N mineralization in soils with 
high clay content compared to coarser soils, confirming the existing knowledge that organic 
materials are more protected against decomposition in soils with high clay content (Ameloot 
et al., 2013). We found that adding Faidherbia litter was released 5-24 kg N ha-1 for ≤22- and 
>35-year old trees. These results are comparable to those in Yengwe et al., (2017) and 
Chapter 4 which range between 7 and 24 kg N ha-1, whereas Tephrosia and Gliricidia litters 
released respectively 36 and 56 kg N ha-1. From Chapter 3, the overall N released from 
combined short-term and long-term tree effects in this study was 17-57 kg N ha-1. Comparing 
the overall N released in Chapter 3 with estimated maize N uptake indicates that this could 
supply a large part of the N fertilizer requirement capable of sustaining a maize yield of >3 t 
ha-1. This yield although lower than the potential maize yield for improved hybrid varieties, is 
more than double what most smallholder farmers obtain, and would significantly contribute to 
food security among rural households. 
 
Averaging the overall N released on all eight sites in Chapter 3, we found that 70% of the total 
N mineralized during the incubation was from native SOM (long-term canopy effect), while 
30% due to the litter (short-term litter effect), thus indicating that native SOM under Faidherbia 
tree canopies contributes significantly to a higher overall N-availability in Faidherbia 
agroforestry systems. An important observation of N mineralization dynamics of Faidherbia 
litters compared with Gliricidia litter in Chapter 4, is the steady mineralization of the former 
litters during the incubation. This slow release of N from Faidherbia litters may be better 
synchronized with plant uptake, possibly reducing risk of N-loss through leaching and other 
pathways (Vargas et al., 2006), and increasing N-uptake efficiency by making N available in 
the later stage of crop growth under the canopy.  
Many improved fallow, e.g. Gliricidia and Tephrosia systems influence crop yields within one 
or two years after establishment, while Faidherbia systems normally take longer. Therefore, 
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nutrient input in young Faidherbia systems is mostly external, or the system could be 
integrated with other low-cost technologies such as intercropping with grain N-fixing legumes 
in the short- to medium-term. Once mature, external supply of nutrients especially N into the 
Faidherbia agroforestry system is substantially reduced, in most cases no chemical fertilizer 
is added under mature trees. 
 
6.4 Influence of Faidherbia agroforestry systems on soil microorganisms 
Microorganisms are the driving force of nutrient cycling in agroecosystems. Therefore, in 
Chapters 3 and 5, we investigated the effect of long-term soil modification and/or short-term 
litter on soil microorganisms. 
 
In Chapter 3 and 5, the long-term soil modification was reflected in higher MBC content and 
enzyme activities in soils under Faidherbia tree canopy than outside the canopy. Like the result 
of N mineralization in Chapter 3, we found a positive relationship between MBC and tree age 
suggesting that the age of the tree has a significant influence on MBC content under the 
canopy. Likewise, dehydrogenase activity increased with tree age (Chapter 3). Further, the 
PCA on PLFA data segregated samples into two Faidherbia age groups i.e. ≤22 and >35 
years, i.e. in addition to its effect on the size of MB, tree age also affected the composition of 
soil microorganism communities (Chapter 3). 
 
Adding litter stimulated microbial biomass and enzyme activities in all soils (Chapter 3, 4 and 
5). Specifically, N mineralization showed poor relationships with β-glucosaminidase (Chapter 
4) contrary to others e.g. Moeskops (2010) who found significant correlation between β-
glucosaminidase activity and N mineralization. This was probably due to the lack of 
intermediate measurements for the enzyme activity during the incubation experiment. In 
Chapter 4, we measured the activity of enzymes only at the end of the incubation when both 
C and N mineralization experiments had stabilized. This meant that we could not observe the 
evolution of enzyme activities during the incubation. This explanation also holds for MBC, 
dehydrogenase and β-glucosidase activity. In Chapter 4 and 5, we found that enzyme 
activities are more sensitive to the effects of adding organic materials than MBC, because 
even at the end of the incubation there were significant differences in enzyme activities, 
whereas no differences in MBC were observed. Thus, enzyme activities could be used to 
explain the impact of added organic material in soils on soil microbes in the later stage of 
incubation experiment than MBC. The small differences in MBC at the end of the incubation 
experiments shows that microbial activity is very high in the initial stage of incubation, but 
quickly stabilizes as the C source gets depleted (Chapter 4).  
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The addition of litter to soils increased the abundance of individual PLFA biomarkers such as 
bacterial, fungal and actinobacteria communities. Further analysis of the PLFA data with a 
PCA, we observed a clear separation of amended samples from unamended samples, 
indicating that microbial communities between these samples were different (Chapter 3). We 
found that an increase in the size of MB following litter addition can mainly be attributed to an 
increase in gram-positive bacteria, consistent with others (e.g. Marschner et al., 2003). 
However, others (e.g. Burke et al., 2003; Moeskops, 2010), found an increase in gram-
negative bacteria compared to gram-positive bacteria after adding organic matter to soils. This 
difference may be explained by the different choice of marker PLFAs. Moeskops (2010) used 
cy17:0 and monounsaturated PLFAs (16:1ω7c and 18:1ω7c) as gram-negative markers, 
whereas in our study cy17:0, cyC17:0 and cyC19 were used as gram-negative markers. In the 
study by Moeskops (2010), the size of gram-negative pool was largely determined by 
monounsaturated PLFAs, possibly explaining the higher gram-negative bacteria in their study. 
Although PLFA analysis is a useful tool to detect changes in microbial community, there is 
need to have uniformity in the PLFA biomarkers used to identify specific microbial groups.  
 
6.5 Carbon dynamics in Faidherbia agroforestry systems 
The C mineralization incubation experiments we conducted in Chapter 4 and 5 were 
somewhat similar, in that litter of contrasting quality was added to soils. In Chapter 4, the 
correlation between percentage of net C mineralized and (bio)chemical constituents of litter 
was weak and non-significant, yet examining the C mineralization patterns indicated that litter 
with high N content and low C/N ratio (Gliricidia) was mineralized faster in the early stage of 
the incubation. This observation was also valid in the C mineralization experiment in Chapter 
5, where the percentage of C mineralized from Faidherbia litter was higher in the first 480 h 
compared to the other litter treatments. This shows that the type of litter strongly influenced C 
mineralization during the early stage of incubation experiments in Chapter 4 and 5. Thus, 
correlations that only take into account the C mineralized at the end of the incubation probably 
when C mineralization has stabilized may not capture the intermediate effect of organic 
material. Moreover, the small number of species (three different tropical legumes) we used in 
Chapter 4 possibly concealed the relationship between C mineralization and litter quality. 
 
Many processes driving nutrient cycling in agroforestry systems are closely linked to SOC. In 
Chapter 5, we used the 13C natural abundance to establish sources of C and contribution from 
C3 and C4 biomass vegetation to SOC in Faidherbia-maize agroforestry systems of different 
ages. We found that the δ13C values in the 20 cm soil layer under Faidherbia-maize systems 
ranged from -22.3 to -13.6‰, indicating a mixed C3/C4 vegetation, which was the nature of 
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all the study sites. Nevertheless, the upper 0-10 cm soil layers showed depleted δ13C values, 
suggesting a shallow C input to SOC by Faidherbia litter, also observed from a mixing model 
showing 23-56% of overall soil C in the upper 10 cm is derived from Faidherbia tree biomass. 
The C4-derived C from maize and grass roots turnover was higher at lower depths (10-20 cm). 
There was a gradual variation of δ13C values with depth in reference plots compared to the 
other plots, although in all the three practices there was δ13C enrichment with depth. The trend 
of δ13C enrichment of the SOM with increasing depth in the soil profile has been observed in 
other studies (e.g. Accoe et al., 2002; 2003; Balesdent and Mariotti, 1996). A possible 
explanation for increasing δ13C values with depth could be the isotopic discrimination against 
13C during organic matter decomposition. For their respiration, microorganisms prefer to use 
13C-depleted molecules, while 13C-enriched molecules are used for the production of the 
biomass (Accoe et al., 2002). 
 
In Chapter 3 and 5, the effect of soil texture on the measured characteristics was evident. In 
Chapter 3 and 5, we observed lower N and C mineralization in soils with high clay content. 
The C storage on sites with >45% clay content was in most cases >80% higher than on sites 
with coarser soil texture. For δ13C analysis in Chapter 3, we observed that sites with high clay 
content showed small δ13C enrichment with depth in soil layers compared with sites with low 
clay content. The influence of texture we found in Chapters 3 and 5 confirms that soil C 
associated with clay is physically protected from further microbial degradation. 
 
We estimated how much C Faidherbia trees of different ages would contribute to SOC 
annually by taking the difference between SOC in 20 cm soil layer under and outside the 
canopy, and dividing the difference by the age of the tree. This translated to SOC 
sequestration of between 0.13 and 1.7 Mg C ha-1 yr-1 through the long-term canopy effect. 
Obviously, this build-up of soil C is not linear over time. Contributions under young trees are 
expected to be smaller than under mature trees due to difference in litterfall amounts, but other 
factors such as management of organic materials and soil texture also play a crucial role in 
how much C is stored in the soil. These estimates are only for the upper 20 cm soil layer, the 
contribution from belowground biomass could be much more considering the extensive root 
network of these agroforestry systems. 
 
6.6 Yield levels of maize under canopies of Faidherbia trees of varying ages 
The processes and indicators related to soil nutrient cycling discussed in this thesis can 
practically be evaluated through crop productivity. In Chapter 2, we conducted a field study 
comparing the yield level of maize grown under Faidherbia tree canopies of varying ages to 
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that of plots outside the canopy. We found that the maize yields were consistently higher in 
plots under Faidherbia tree canopy than outside the canopy regardless of the tree age. Many 
have rightly attributed this improved maize yield under Faidherbia canopies to increased N 
supply (Saka et al., 1994; Umar et al., 2013), but in addition to high N, other factors such as 
MB, enzyme activities, litter quality, discussed in Chapters 3, 4, and 5, also play crucial roles 
in overall nutrient cycling and availability. In addition, other factors such as improved SOC, 
water retention, and availability of other plant nutrients all play a role in maize yield increase 
under Faidherbia tree canopies. The actual maize yields obtained in Chapter 2 were 
comparable with others (e.g. Saka et al., 1994; Shitumbanuma, 2012). 
 
The yield reduction in 2015/16 compared to 2014/15 season may be a reflection of the effect 
of water stress on maize yield. In Chapter 2, we observed that a reduction in rainfall in 2015/16 
agriculture season, resulted in 38-70% reduction of maize yield compared to 2014/15 season. 
Moreover, this yield reduction was more in plots under 8-year old trees, suggesting that the 
trees had not developed a substantial canopy area of influence, thus exposing the plots under 
the canopy to seasonal weather variations. Yet, the yield was still higher than the plots outside 
the tree canopy. The smallholder farmer practice of tillage without addition of nutrients and 
soil cover, lead to significant reduction of crop yield in an event of erratic rainfall as we 
observed in 2015/16 cropping season (Chapter 2). Further, the difference in yield between 
plots under and outside the canopy may show the effect of water retention locally where the 
maize crop is able to efficiently convert stored water into yield, partially due to high SOC (as 
shown in Chapter 3 and 5) which improves the water-holding capacity under Faidherbia 
canopies. Moreover, the Faidherbia tree canopy effect may involve microclimate amelioration 
characterized by lower irradiance and air temperature, and thus lower water evaporative loss 
under the canopy compared to outside the canopy (Sida et al., 2017). Apart from this, the soil 
under the canopy also benefits from underground water as a result of hydraulic lift by the tree’s 
extensive root system. The nutrient conservation of Faidherbia trees is reflected by maize 
yields under vs. outside the tree canopy. As shown in Chapter 2, the yield level of maize was 
2-14 times higher in plots under compared to outside the canopies at all sites. The results of 
maize yield in Chapter 2 clearly shows that in SSA regions where there is limited or no 
chemical fertilizer application by resource-poor farmers and frequent occurrence of extreme 
weather events, Faidherbia agroforestry is a viable option as a climate change mitigation 
strategy against the risk of persistent crop failure under rain-fed agriculture. 
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6.7 Adoption of Faidherbia agroforestry system and tree management 
The national agriculture policy of Zambia emphasizes the need to enhance food production 
through environmentally friendly farming systems. Many have reported that tree-based 
agricultural practices are more beneficial and profitable than the common farmers’ practice of 
continuous cropping without external fertilizer (Ajayi et al., 2007; Franzel, 2004; Kuntashula et 
al., 2004). But, other low-cost practices suitable for SSA such as intercropping with N fixing 
legumes and integrated soil fertility management (ISFM) also improve maize yields in 
smallholder farming systems. For example, maize intercropped with soybeans was 2.5 and 4 
t ha-1 compared to <1 t ha-1 in sole maize without chemical fertilizer in Ghana and Kenya, 
respectively (Kermah et al., 2017; Mutegi and Zingore, 2014). Similarly, the yield of maize was 
more than 4 t ha-1 in a maize-groundnuts intercropping system (Mutegi and Zingore, 2014). 
Chivenge et al. (2011) reported maize yields of more than 4 t ha-1 in fields where organic 
resources of high quality (>2.5% N) were applied. An important advantage intercropping with 
N fixing legumes have over agroforestry systems which is crucial for food and nutrition 
security, is having the dual-purpose legume i.e. fixes N2 biologically and produces edible grain. 
Thus, farmers have grain yield from both maize and the legume. However, a variety of factors 
influence the adoption of these low-cost practices such as ease of use, benefits of the practice, 
suitability with farmer practice, and economic returns of the technology (Ajayi et al., 2007). 
The perceived positive effect of Faidherbia trees on in situ soil fertility has led to the promotion 
of the system by agriculture-base private organizations, and the government in Zambia 
(Garrity et al., 2010; Haggblade and Tembo, 2003). The promotion of this system has been 
focused in the low rainfall areas mostly southern part of the country, partly due to abundance 
of the tree in this region and already existing knowledge about the tree’s benefits among the 
communities. 
 
Over the past two decades, an increase in the number of young Faidherbia trees on farmer’s 
fields shows the willingness of farmers to adopt the Faidherbia agroforestry systems. Apart 
from the known benefits of soil improvement, Faidherbia agroforestry systems have shown a 
better tree/crop association due to reduced competition for water, nutrients and light by tree 
and crops under the canopy. Wahl and Balnd (2013) suggested that Faidherbia tree’s 
characteristics fit well with current farmer practice which is why it has been accepted by 
smallholder farmers in southern Zambia. Indicators such as institutional support, wealth, farm 
size, land tenure and labor availability are used to characterize adoption of agroforestry 
systems in Zambia (Wahl and Bland, 2013). Labor requirement in Faidherbia systems, like in 
many other agroforestry technologies is high in the initial stages (e.g. protecting young 
seedlings against wild fires and browsing livestock, and routine pruning in the first 2-3 years). 
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But, after Faidherbia agroforestry systems is fully established, labor requirement is 
substantially reduced in the long term as the trees do not require routine pruning during 
cropping season like for most improved fallow and biomass transfer agroforestry systems. 
The returning of the leaf canopy after the rainy season provides shade for resting animals 
during the dry season and the pods that drop under the canopy are palatable to livestock 
(Fagg, 2001; Wickens, 1969). Because of this, there is preferential grazing by animals under 
the tree and thus, others have attributed the soil fertility improvement under Faidherbia trees 
partly to increased animal droppings and urine as well as the excrements of perching birds 
(Rhoades, 1997; Vandenbeldt, 1992). Our study did not assess these potential interfering 
factors which could contribute to soil fertility improvements under the canopy. To assess the 
actual tree effects, we selected study sites which did not have or had very minimal livestock 
interfering, although we could not control for droppings from birds.  
 
Generally, Faidherbia trees can grow for about 70-90 years, although older trees of 150 years 
have been reported (Wood, 1992). Therefore, the tree is used as a long-term investment in 
terms of soil fertility improvements. The older Faidherbia trees found on farmers’ field are of a 
natural stand i.e. isolated tree stands with varying distance between trees. Because of this, 
trees do not normally form a closed canopy over the field. This means less inputs in the parts 
of the field not under Faidherbia, which gives somehow a too optimistic image of the increase 
in yield over an entire field. Therefore, having a density of Faidherbia trees that is sufficient to 
cover the entire field is desirable, such that there is no differentiation between higher yields 
under the canopy and lower yields outside the canopy. Many have recommended a tree 
density of between 20-30 mature trees ha-1 to be optimal (Akinnifesi et al., 2010; CTFT, 1989; 
Kang and Akinnifesi, 2000). To achieve the desired impact of the tree on soil characteristics 
early, the Conservation Farming Unit in Zambia recommends planting Faidherbia trees in 10 
m x 10 m grid, then at a certain age systematically thin out to leave a desired number of trees. 
 
6.8 Conclusions and future research 
This thesis has contributed significantly to filling up knowledge gaps on Faidherbia-maize 
agroforestry systems. We included the different age classes to quite some detail to quantify 
nutrient deposition through litterfall, and studied the N and C mineralization dynamics in these 
systems. We also included soil biological properties as indicators of soil biological quality 
which has been lacking in earlier studies on Faidherbia trees. Further, the contribution of the 
different vegetation components in Faidherbia-maize agroforestry system was investigated 
using natural carbon-13 abundance. However, there are still some areas that need further 
investigations. In this section, we highlight some of these gaps that this study did not directly 
investigate or that arose from observations during our study. 
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In Faidherbia agroforestry systems, litter shedding is crucial for the crops under the canopies 
and as a source of nutrients. Early or delayed litter shedding from the tree will directly influence 
the crop under the canopy. We observed a variation in litterfall patterns between the two rainy 
seasons for all the sites. Although we attributed this variation to a reduction in rainfall, more 
replications of litterfall patterns over several years are needed. There is a need to identify 
environmental factors that cause litter shedding and early defoliation in Faidherbia tree 
species. 
 
Litter traps in our study were installed just before the period we thought to be the peak of litter 
shedding. But, others have reported litterfall throughout the year (e.g. Dunham, 1989). Thus, 
it would be interesting to monitor litterfall evolution throughout the year, though in our study 
trees were leafless during most part of the rainy season. Related to this, we measured the 
litter nutrient content from a subsample of the total litterfall during the collection period, but 
monthly determination of litterfall nutrient content (NPK) and other secondary nutrients (Ca 
and Mg) and micronutrients will show the evolution of nutrient deposition within a year.  
 
Although our study focused on the influence of aboveground biomass on nutrient dynamics in 
Faidherbia agroforestry systems, we only subtly included the contribution of belowground 
biomass and BNF to overall C storage and N availability. The vital role belowground biomass 
plays in SOC and nutrient cycling dynamics is recognized by many (e.g. Remy, 2017; Szott et 
al. 1991; Vogt et al., 1996). In addition, BNF plays a significant role in N supply under fertilizer 
tree systems such as Faidherbia trees. Further research on quantifying the magnitude of BNF 
and belowground biomass contribution to nutrient supply and cycling, and C storage is crucial 
for a holistic understanding of Faidherbia trees’ effect on overall soil fertility under the 
canopies. 
 
The focus of previous studies on Faidherbia trees’ effect on soil chemical characteristics has 
seen lacking research on the tree’s influence on soil physical and biological characteristics. In 
the present study, we included aspects of soil biology, but it was limited to microorganism 
activities. Soil fauna, such as earthworms and termites play a vital in the vertical movement of 
C, and soil particles. The role of this soil fauna on nutrient cycling under Faidherbia 
agroforestry systems is still unclear. Additionally, the long-term modification of soil physical 
properties such as water-holding capacity, infiltration, aggregate stability should be evaluated 
in future research to have a clear understanding of the Faidherbia tree’s effect on the soil 
characteristics. Related to this, it will be interesting to estimate the water balance under 
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Faidherbia agroforestry systems during both the wet and dry seasons, to have an insight in 
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